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Abstract 
In this study, RANS based axisymmetric simulations of the jet flames, bluff- 
body flames and swirling flames have been attempted by employing steady and 
unsteady flamelet models. The jet flames have been studied for pure hydrogen 
and diluted hydrogen (CO/H2/N2) fuels. The bluff-body flames have been studied 
for three different fuels CH4/H2, H2/CO and CH3OH. The swirling flame has 
been investigated for CH4/H2 fuel. The importance of unsteady effects is 
thoroughly assessed for combustion predictions. The transient effects are 
considered in a post-processing manner employing the Lagrangian Flamelet 
Model (LFM) for jet flames and the Eulerian Particle Flamelet Model (EPFM) 
for recirculating bluff-body and swirling flames. The LFM is valid for parabolic 
flows and uses Lagrangian residence time to calculate transient flamelets. The 
EPFM can be applied to both parabolic and elliptical flows. In the EPFM, the 
transient history of scalar dissipation rate, conditioned at stoichiometric mixture 
fraction is required to generate unsteady flamelets and obtained by tracing 
Eulerian particles. The probability density of particles is obtained by solving a 
passive scalar transport equation for each particle. 
Comparisons of the results of steady and unsteady calculations have shown 
that transient effects do not have much influence on major species, including OH 
and therefore the structure of the flame can be successfully predicted by steady 
or unsteady approaches. However, it appears that slow processes like NO 
formation can only be captured accurately if unsteady effects are taken into 
account while steady simulations tend to overpredict NO and radiation heat loss. 
Abstract iii 
Turbulence in the case of the jet flames has been successfully modelled using 
a modified k-c model (CE, =1.6 instead of C,, =1.44). The relative 
performances of standard Reynolds Stress Model (RSM) (Cs, =1.44) and 
modified RSM (C6, =1.6) have been compared for a methane/hydrogen bluff- 
body flame and it is found that only modified RSM can accurately predict the 
axial and radial spreading rate. Predictions of velocity, velocity rms, mean 
mixture fraction and its rms using the modified RSM have shown very good 
agreement with experiments. A comprehensive comparison between the standard 
k-c model and the RSM has been carried out for a swirling methane/hydrogen 
flame. It has been shown that only the RSM can successfully simulate the 
swirling nature of the flame while the standard k-c model fails to capture vital 
flow characteristics. 
Performance of three detailed chemical mechanisms, the GRI Mech 2.11, the 
San Diego mechanism and the GRI Mech 3.0 have also been evaluated for a 
methane/hydrogen bluff-body flame. All three mechanisms have performed well 
with both steady and unsteady approaches and produced almost identical results 
for major species and OH. However, the difference between mechanisms and 
flamelet models becomes apparent in the NO predictions. The unsteady model 
incorporating the GRI Mech 2.11 provided better predictions of NO compared to 
steady calculations and showed closer agreement with experiments. The other 
two mechanisms showed overpredictions of NO with both unsteady and steady 
models. The level of overprediction is severe with the steady approach. The GRI 
Mech 3.0 appears to overpredict NO by a factor of two compared to GRI Mech 
2.11. The NO predictions by the San Diego mechanism fall between the two GRI 
mechanisms. 
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DNS direct numerical simulation 
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CHAPTER1 
Introduction 
1.1 General introduction 
Combustion processes are crucial for domestic heating, transportation and power 
generation. Most of the energy producing devices uses combustion of fossil or 
renewable fuels. Similarly transportation systems rely either on internal 
combustion (IC) engines or on gas turbines. Therefore combustion of fossil fuels, 
the oldest technology available to mankind, remains a very important technology 
today and for next several generations. Combustion process not only generates 
heat but also produces pollutants such as nitrogen oxides (NO and NO2), carbon 
monoxide, sulphur oxides (SO2 and SO3), unburnt hydrocarbons (UHC) and 
particulate matter in various forms. The Great Britain's trends for pollutant 
emissions from 1970 to 2004, showing the contributions from various sources, 
are presented in Figs. 1.1 to 1.4 (source: Environment Agency, UK). 
Government is imposing more stringent laws forcing manufacturers of 
automobiles and power plants to reduce pollutant emissions to prevent further 
degradation of environment and the impact can be observed in Figs. 1.1 to 1.4. 
Also CO2 which is the main by-product of combustion is known to be 
responsible for the green house effects and global warming. All these emissions 
can be effectively controlled by developing more efficient combustion process, 
which can subsequently enhance fuel economy. 
In most applications the flow field in which chemical reactions take place and 
release heat is turbulent. And it is desirable because turbulence increases the 
mixing process that leads to better combustion. The process is interactive 
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because the heat produced by combustion gives rise to flow instability by 
buoyancy and expansion of gas that enhances the transition to turbulence. 
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Gaseous turbulent combustion can be divided into three main types based on 
the mixing process: premixed, non-premixed and partially premixed turbulent 
combustion. In premixed combustion, fuel and oxidizer are mixed at the 
molecular level prior to burning. Combustion takes place with a flame front 
propagating into unburnt reactants. Common examples of premixed combustion 
are the combustion taking place in petrol (Spark Ignition) engines, lean premixed 
gas turbines and explosions due to a gas leak. In non-premixed combustion, fuel 
and oxidizer enter the reaction zone in separate streams. Non-premixed 
combustion finds its application in pulverized coal furnaces, methane 
combustion and diesel engines to name a few. Partially premixed combustion 
systems are mainly premixed flames with non-uniform fuel-oxidizer mixtures. 
Partially premixed combustion can be observed in lean premixed combustors 
(widely used in stationary gas turbines); a premixed jet discharged into a 
quiescent atmosphere and modern direct-injection (DI) engines where the charge 
is stratified such that the flame is initiated as the spark propagates through a 
partially premixed inhomogeneous mixture. 
The combustion process can be further subdivided into fast chemistry and 
slow chemistry considering the ratio of turbulent to chemical time scales 
(Damköhler number). As a result of chain-branching reactions, hydrocarbon 
oxidation starts when the temperature is higher than a certain crossover 
temperature but chain-branching stops below that temperature. From 
experiments it is known that the crossover temperature lies between 1300 K and 
1500 K for hydrocarbon flames but it increases with pressure. The flames 
extinguish at temperatures lower than the crossover temperature and it must be 
avoided in all practical applications for safety reasons. Hence, combustion 
devices are designed to work at temperatures higher than extinction temperature 
and the high temperatures in-turn make the associated chemical processes fast. 
However, slow chemistry plays an important role in pollutant formations such as 
NO,. and soot. The slow processes are coupled with fast chemistry as it depends 
on the concentrations of the radicals. 
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1.2 Objectives of the present study 
The main objective of the current study is to investigate the importance of 
unsteady effects in the modelling of steady jet flames, bluff-body flames and 
swirling flames by employing unsteady flamelet combustion modelling 
techniques. Prime focus is on the assessment of the predictive capabilities of the 
Lagrangian Flamelet Model (LFM) and the Eulerian Particle Flamelet Model 
(EPFM) for the detailed structure of different nonpremixed flames. To this end, 
two attached jet flames have been simulated employing the Lagrangian Flamelet 
Model to capture NO formation and effects of radiation heat loss. The jet flames 
have used pure hydrogen (Barlow and Carter 1996,1994) and CO/H2/N2 
(Barlow et al. 2002) fuels. The Eulerian Particle Flamelet Model has been 
employed to model the bluff-body stabilised flames HM1 (CH4/H2), HC1 
(H2/CO), ML1 (CH3OH) and a bluff-body stabilised swirling flame SMH1 
(CH4/H2) from the Sydney bluff-body and swirl flame series. These flames were 
experimentally investigated by Dally et at. (1998a) and Al-Abdeli and Masri 
(2003) at the University of Sydney. Different detailed chemical mechanisms, the 
GRI Mech 2.11,3.0 and San Diego mechanism have been tested for HM1 flame 
to study their impact on combustion predictions. Performance of the standard k-c 
model and the Reynolds Stress Model has been evaluated for a swirling flame 
SMH1 (Al-Abdeli and Masri 2003) using the steady/unsteady laminar flamelet 
models. 
1.3 Outline of the thesis 
This work is organized as follows: In Chapter 2, a detailed literature survey on 
steady and unsteady flamelet models is presented. Chapter 3 concentrates on the 
mathematical models used in the present study. Theoretical background of 
different turbulence and combustion models is described. The discussion also 
includes the numerical implementation of mathematical models. The steady 
laminar flamelet profiles for different fuels are reported in Chapter 4. 
The Chapters 5,6 and 7 discuss the numerical predictions of the jet flames, 
bluff-body flames and a swirling flame respectively. The results obtained by 
steady and unsteady laminar flamelet models are compared to one another and 
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with available experimental data and discussed in these chapters. Finally the 
main conclusions from the present study are summarised in Chapter 8. 
CHAPTER 2 
Literature Review 
Most of the numerical modelling work in early days has assumed chemistry is 
much faster than mixing and molecular diffusion in the case of non-premixed 
combustion. At present there are five main methods of turbulent combustion 
modelling approaches: (a) conserved scalar, (b) Eddy Break-Up (EBU) or Eddy 
Dissipation Concept (EDC), (c) laminar flamelet model, (d) PDF transport 
method and (e) Conditional Moment Closure (CMC) method. Each model is 
discussed briefly below except the laminar flamelet model, which is discussed in 
detail later in this chapter. 
The conserved scalar approach is the oldest and the simplest. It assumes an 
infinitely fast single step chemical reaction and expresses fuel, oxidiser, 
temperature and species as piecewise function of mixture fraction. It is 
considered to be a zero order model and provides valuable information of global 
flame structure for the maximum of heat that can be released. But the model fails 
when ignition, extinction or even minor finite rate chemistry effects exist. 
The EBU model treats the reaction rate term in turbulent combustion by 
considering the hydrodynamic theory rather than the chemical kinetic features. 
The eddy break-up model was first proposed by Spalding (1971) and later with 
some modifications (Spalding 1976). But a very popular EBU version has been 
introduced by Magnussen and Hjertager (1976). Their model differs from the 
original formulation of Spalding (1971) in relating the dissipation of the eddies 
to the mean concentrations instead of the concentration fluctuations. An 
advanced version of the EBU model is known as eddy dissipation concept (EDC) 
has also been used (Gran et al. 1994). This model treats the small scale eddies 
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where the reaction takes place, as a perfectly stirred reactor and incorporates 
additional terms (Gran et al. 1994). The EDC model also considers finite rate 
effects in combustion simulation. Gran et al. (1996,1997) have applied the EDC 
to simulate bluff-body stabilised flames and shown good agreements. 
The PDF transport model (Pope 1985,1990) offers exact treatment for 
chemical reaction term and therefore considered as an ideal model to include 
finite rate chemistry. But PDF model suffers from the need for modelling 
micromixing term. When using the transport equation for the joint PDF of 
velocity, turbulence frequency (inverse of dissipation of turbulence kinetic 
energy) and composition, a single modelled equation is closed and no special 
turbulence model is required to resolve the PDF transport equation. But while 
considering the joint PDF of velocity and composition, a model is needed for the 
time or length scales of turbulence, like the k-c model. If only the joint PDF of 
composition is solved, the mean flow field is solved by a standard CFD code and 
the PDF supplies an accurate chemistry closure. Usually the PDF transport 
equation is solved with the Monte-Carlo approach, using a large number of 
particles, describing the exact same statistics contained in the PDF itself. The 
PDF method is very resource-intensive and to reduce computational cost, often 
reduced mechanisms, ILDM mechanisms, partial equilibrium and flamelet 
models are used to specify the thermo-chemical state instead of full reaction 
mechanisms. Saxena and Pope (1998) used the joint velocity-frequency- 
composition transported PDF method to simulate a piloted jet flame. They 
employed detailed chemistry using the novel In Situ Adaptive Tabulation (ISAT) 
procedure. In their simulation they have tested two mixing models Interaction by 
Exchange with the Mean (IEM) and Euclidian Minimum Spanning Tree 
(EMST), IEM model predicted blow out of flame but that problem was solved 
when EMST based model was used. ISAT is a powerful tool that enables 
realistic chemistry to be incorporated in multi-dimensional flow simulations by 
accelerating the chemistry calculations. Typical speed-ups of 100-fold are 
common when ISAT is used (FLUENT documentation). The use of ISAT has 
made it possible to apply PDF model to simulate practically important problems. 
Klimenko (1990) and Bilger (1993) independently proposed the Conditional 
Moment Closure (CMC) model for non-premixed combustion. The term 
conditional refers to the conditionally averaged Navier-Stokes equations of the 
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scalar quantities of interest, with respect to a conditioning variable. The main 
hypothesis of this method is that most fluctuations of the variable considered can 
often be associated with the fluctuation of only one key quantity (Klimenko and 
Bilger 1999). When the methodology is used for non-premixed combustion, the 
mixture fraction is selected as a conditioning variable. The word `moment 
closure' refers to the level of the approximation used in the closure of the 
conditionally averaged Navier-Stokes equations. With a first-order closure, the 
appearing second-order terms are modelled using mean values and their 
gradients. With a second-order closure, the appearing third-order terms are 
modelled using variances/covariances and their gradients. Fairweather and 
Wooley (2004) have used first order CMC to model non-premixed three piloted 
and two unpiloted methane flames. They have studied the effects of first order 
and second order turbulence models and different chemical schemes. They 
concluded that CMC model provides realistic results for the flames, which shows 
no or little extinction but NO,, results are overpredicted. The results of second 
order turbulence model are found to be superior over first order model. The NO,, 
results with GRI-Mech 3.0 showed overprediction but GRI-Mech 2.1 gave better 
agreements. As extinction become important, results of the first order CMC 
show deterioration suggesting requirement for second order CMC model. The 
NO,, results were severely overpredicted for piloted flames compared to 
unpiloted flames pointing that more investigation is needed of mechanisms and 
rates of NO,, chemistry. 
Laminar flamelet models are divided into two main categories Steady 
Laminar Flamelet Models (SLFM), which neglect the time dependent terms in 
flamelet equations and Unsteady Laminar flamelet Model (ULFM) that considers 
the transient evolution of flamelets. Detailed discussion of each model is given 
below. 
2.1 Steady laminar flamelet models 
The laminar flamelet model offers a very powerful technique, which allows 
inclusion of detailed chemistry while keeping a simple framework similar to 
conserved scalar approach. The laminar flamelet model has been extensively 
reviewed by Peters (1984,1986) and Bray and Peters (1994). The development 
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of the flamelet model was based on rewriting the energy and species equations in 
a local coordinate system and subsequent asymptotic analysis of the order of 
magnitude of individual terms (Peters 1984). In diffusion flames, combustion 
takes place in a thin layer in the vicinity of the surface of the stoichiometric 
mixture if the local mixture fraction gradient is assumed to be sufficiently high. 
This thin layer and the surrounding nonreacting mixing region are described as a 
laminar diffusion flamelet by Peters (1984). Based on the conservation equations 
written in Eulerian form, assuming unity Lewis number, and using the Crocco 
type coordinate transformation, Peters (1984) has derived the flamelet equations 
(the unsteady governing equations of species and temperature in the mixture 
fraction space). The improvement in simulation results by the laminar flamelet 
model over the equilibrium model was first demonstrated by Liew et al. (1984). 
Their simulation successfully predicted the presence of 02 at the axis of fuel jet 
flame, which results from non-equilibrium effects. But the CO prediction did not 
shown good agreement. Drake and Blint (1988) have used the flamelet model 
and found good predictions for temperature, mass fractions of CO, CO2 and H2O 
for a Syngas jet flame. Their calculations have predicted the super-equilibrium 
OH level in the near field of the jet but predicted a fast decay of OH towards 
equilibrium at the downstream location of the jet. Haworth et al. (1988) have 
noted that the history effect is important for the prediction of OH and by 
including transient effects they have estimated accurate levels of OH at the 
downstream location for the same Syngas jet flame. 
Lentini and Puri (1995) have simulated chloromethane/air flames and 
validated against experiments. These flames are of importance to study harmful 
emissions from incinerators. The experimental set-up was a5 mm inner diameter 
jet surrounded by a coannular jet of 200 mm inner diameter. A pilot jet of 
hydrogen flame was used to avoid lift-off. The flamelet model uses a scalar 
dissipation rate and mixture fraction as parameters for a look-up table generated 
from one-dimensional, opposed flow flame calculations for different strain rates. 
A ßB-PDF distribution was used for mixture fraction and a log-normal 
distribution for the scalar dissipation rate. The computations are also compared 
to a near-equilibrium combustion model. Overall, the strained laminar flamelet 
model provided better predictions with respect to the near-equilibrium model. It 
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was also shown that flamelet model could consider the local flame extinction as 
well as slow chemical kinetics such as CO burnout. The differences between 
numerical results and experiments were attributed to the absence of thermal 
radiation, soot chemistry, two-phase flow effects and the pilot hydrogen flame. 
Bradley et al. (1996) have developed the mixedness-reactedness flamelet 
model, which uses premixed flamelets for describing non-premixed combustion 
in turbulent jet flames. The look-up table has been generated using a reaction 
progress variable (based on temperature) and mixture fraction (which varies 
between rich and lean flammability limits). The mean turbulent reaction rates 
were then calculated by employing their respective PDF, based on the mean 
values and variances of the reaction progress variable and mixture fraction, and 
the probability that the flamelet can sustain the imposed stretch-rate. There has 
been development in modelling of non-adiabatic flames also, Ma et al. (2002) 
have added a third coordinate into the look-up table, namely the enthalpy defect, 
to represent radiative heat loss. The chemical database was then created by using 
one-dimensional, unstrained, laminar premixed methane/air flames with a 
detailed chemical reaction mechanism, (using modified CHEMKIN program to 
simulate radiation heat loss). A laboratory-scale turbulent jet flame has been 
selected for three different inlet Reynolds numbers - 15000,20000 and 30000 
with an inner diameter of 7.74 mm. Predicted lift-off heights as well as mean 
temperature and species concentrations were in good agreement near the burner, 
with and without considering enthalpy defect effect. The adiabatic model over 
predicted the temperature in further downstream locations but that problem has 
been solved by introducing enthalpy defect effect. Large scale turbulent jet 
flames were also investigated for which experimental data is available (inner 
diameter of 76 and 102 mm). Again, non-adiabatic approach has shown good 
agreement with the experimental data. 
Sanders et al. (1997) have employed flamelet library to calculate the emission 
index of NO. (EINOX) as function of Damköhler number and a comparison has 
been made with experimental data, where it was noticed that EINO, ' vs. Da 
scales with a 0.5 slope on a log - log scale. The flamelet library was produced 
from a one - dimensional code that simulates laminar opposed planar jet flames 
at various strain rates, with the mixture fraction and a non-equilibrium variable 
(scalar dissipation rate or strain rate). Two different turbulence models were 
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tested; both second order moment closure for Reynolds stresses. One model has 
used transport equations for the mixture fraction and its variance and the other 
model has used Monte Carlo method to solve the mixture fraction PDF transport 
equation. Also different models were used to calculate scalar dissipation rate. A 
comparison has been made to experimental data of helium-diluted hydrogen jet 
diffusion flames with different dilution percentages. Overall it was found that, 
when using the scalar dissipation rate as a non-equilibrium factor, the flamelet 
predictions also show a scaling of EINO,, vs. Da with a 0.5 slope, with a 
deviation for small Damköhler numbers. The absolute emission levels of NO,, 
were overpredicted though and it was attributed to overprediction of differential 
diffusion effects in the laminar flamelet model. By using the strain rate as the 
non-equilibrium parameter correct slope was not obtained through the 
calculations. 
A consistent flamelet formulation for non-premixed combustion was 
proposed by Pitsch and Peters (1998a). The main idea of this formulation was 
definition of the mixture fraction as a conserved scalar, which was obtained by 
solving a transport equation with appropriate boundary conditions. The diffusion 
coefficient of the transport equation was selected equal to the thermal diffusivity. 
Using the mixture fraction as a novel independent coordinate, the flamelet 
equations for the evolution of the chemical components and the temperature can 
be obtained by the transformation of the governing equations, avoiding any 
assumption about the Lewis numbers of the chemical species. The 
transformation has been found to be exact, if the scalar dissipation rate is 
computed as a function of the mixture fraction from the complete set of fluid 
dynamic equations. The study was restricted for steady laminar flamelet model 
but later Pitsch (2000d) extended model to consider unsteady effects. Nilsen et 
al. (1999) have used DNS to investigate the effects of differential diffusion on 
reacting scalars in isotropic, decaying turbulence. Simple one-step, isothermal 
reaction (where activation energy was set to zero) was used for simulation. The 
results show that effects due to differential diffusion decrease with increasing 
Reynolds number and increases with increasing Damköhler number. They have 
also checked the conditional moment closure-flamelet approach for modelling 
differential diffusion effects and found that neglecting the conditional 
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fluctuations in the modelling amplifies the influence of differential diffusion and 
leads to incorrect dependence of the Reynolds number. 
Hossain (1999) thoroughly investigated the different combustion models, the 
flame sheet, equilibrium, EBU (Eddy Break-Up) and steady flamelet. Main 
emphasis was given to flamelet modelling approach. The investigation employed 
a variety of fuels ranging from simple CO/H2/N2 to complex CH4/H2 in the bluff 
body stabilised burners for different inlet fuel velocities. The selection of bluff 
body burner was justified as its complex recirculation zone provides a suitable 
model problem for industrial flows. Also the initial and boundary conditions are 
simple and well defined. The results show that all the combustion models 
provide good predictions for near equilibrium flames for temperature and major 
species. The prediction accuracy of chemical equilibrium model for minor 
species was found to be inadequate when results were compared with 
experimental data. The flamelet model has provided sufficiently accurate results 
for both major and minor species. Flames at higher velocities were also 
simulated accurately with flamelet model due to its capability of accounting 
aerodynamic straining effect. However flamelet model failed to predict 
extinction and reignition phenomena seen in the case of high velocity flames. 
The flamelet model has provided good predictions for CO/H2/N2 fuel compared 
to other complex fuels. The effect of differential diffusion was studied by 
employing the flamelet model. The simulations of turbulent flames have shown 
that flamelets with unity Lewis number provide better representation of species 
transport. Further the flamelet model was used to predict NO. formation and 
results were reasonably accurate. The study also included radiation effects using 
the enthalpy defect method and found improved OH predictions for methane 
flame. Different discretisation schemes like hybrid, power law and TVD were 
also tested to evaluate the numerical error associated with discretisation of the 
convection term. When a fine mesh was used, results produced by all the three 
schemes were virtually the same. Thus it was concluded that discretisation errors 
were small for fine meshes. 
Chen et al. (2000) have developed a combined premixed/non-premixed 
flamelet model in order to calculate lift-off heights for turbulent methane/air and 
propane/air jet diffusion flames. The model has combined a flamelet model for 
premixed combustion based on the G-equation to identify the flame front, a 
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flamelet model for non-premixed combustion and a presumed ß-PDF for 
mixture fraction. A model for the mean turbulent burning velocity of the 
premixed flame as a function of mixture fraction was proposed, which was used 
to compute the propagation velocity of the triple flame structure. The trailing 
diffusion flame behind the premixed flame front was calculated from a non- 
premixed flamelet library using the scalar dissipation rate conditioned at 
stoichiometric. The mean species mass fractions in the combustion product were 
then calculated from the laminar profiles in mixture fraction space by employing 
the 8-PDF, for a particular value of the conditional scalar dissipation rate. For 
both flames, the normalized lift-off heights, plotted against jet inlet velocity, 
have shown very good agreement with experimental results for number of 
different nozzle diameters. 
Merci et al. (2001) have assessed the importance of turbulence model to 
simulate piloted (CH4/air) and bluff-body (CH4/H2/air) diffusion flames. A 
conserved scalar approach with presumed ýß-PDF was used to describe 
turbulence-chemistry interactions, while the modified k-E model was used to 
model turbulence. Constrained equilibrium model and the steady laminar 
flamelet model were selected for the combustion modelling. Grid independency 
was also tested carefully. The impact of the chemistry model on the overall 
results appears to be small compared to the turbulence model options for studied 
flames. Differences between experiments and numerical predictions were 
attributed to presumed shape PDF method. 
In the steady laminar flamelet model, the characteristic time needed to 
balance diffusion and reaction is assumed to be much smaller than any other time 
scale specially the reaction time scale of the problem. This assumption has been 
questioned by several researchers and comments are well documented by 
Veynante and Vervish (2002). Some of the important comments are briefly 
discussed below. 
The flamelet equations have been derived neglecting diffusion in the 
direction tangential to the iso-fis, surface, arguing that when the mixing element 
is sufficiently thin and features weak curvature, the gradients measured along the 
stoichiometric surface are much smaller than those in the perpendicular 
direction. Therefore, when flamelet solution is used to describe turbulent flame, 
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it is assumed that the mixing field is reduced to a steady one-dimensional 
structure. In fact, the validity of this assumption in a turbulent flow also depends 
on the properties of micromixing, and as yet it is not clear as to how to draw 
conclusions since one would need to measure the scalar dissipation rate in 
turbulent flames. Although there are some experimental data available (Nandula 
et al. 1994), more work is needed to clarify the dimensionality of scalar 
micromixing in the turbulent flames. 
There is a disagreement over the multi-dimensional characteristics of 
diffusion flames. It has been argued that straining cannot be uniformly 
distributed along the flame sheet, leading to flamelet interactions when the 
distribution of X is non-uniform on the iso- fis, . This transverse 
loss or gain of 
heat changes the structure of the flamelet in the normal direction to the 
stoichiometric surface (Vervisch 2000). 
Bish and Dahm (1993) and Ferreira (1996) have noted that the boundary 
conditions at infinity used to obtain the flamelets may have to take into account 
partial premixing. Taking the example of a jet flame, where near to the nozzle 
inlet, pure fuel and air react to form products. Further downstream, the reactants 
feeding the reaction zone are not likely to be either pure fuel or pure air. This 
condition is significantly enhanced in flows where recirculation zones are found 
to stabilize combustion. As a solution of this problem Ferreira (1996) used 
transient flamelets, in this approach reference states at infinity vary according to 
the value of a progress variable. 
There are two types of flamelet libraries widely used in the literature. The 
first type is generated in the physical space and second type is in the mixture 
fraction space. It is generally observed that the consumption of OH towards 
equilibrium is estimated by the flamelet solution in mixture fraction space using 
the scalar dissipation rate as an input parameter is sensitive to species boundary 
conditions. This trend has not been reproduced completely by the calculation of 
flamelet in physical space by using the strain rate as an input parameter (Ferreira 
1996). 
The response of the turbulent flame when quenching zones develop is 
another interesting issue of flamelet theory. One may argue that the occurrence 
of local extinction at some point does not prohibit the use of a flamelet model for 
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the remaining part of the turbulent flame. Lee and Pope (1995) have studied 
extinction in constant density flows using DNS. They have established a critical 
Damköhler number at which extinction take place as a function of a flame 
thickness parameter, described as the ratio between the rms mixture fraction and 
the reaction zone width in mixture fraction space. The studied flames have 
shown strong unsteadiness effects and the value of the critical extinction 
Damköhler number was different from the one estimated by laminar flamelet 
theory. This phenomenon was explained by statistical variability. 
Wen et al. (2003) have modelled soot formation in kerosene/air diffusion 
flames employing the flamelet model. The standard k-E model was used to model 
the fluid turbulence and the steady laminar flamelet model was used to predict 
species concentrations. Mixture fractions, temperature and soot volume fractions 
were compared to experimental measurements. The soot volume fractions were 
noticeably underpredicted when inception was modelled based on the acetylene 
concentration. The results show better agreement with experimental data for soot 
measurement when the inception was based on a simplified model of Polycyclic 
Aromatic Hydrocarbon (PAH) growth. It was concluded that aromatic species 
play an important role as intermediates in the soot formation in kerosene/air 
flames and they should be considered in the soot inception model. 
Mare et al. (2004) have performed LES of a model can-type gas turbine 
combustor operating in non-premixed conditions. They have used the flamelet 
model for computing thermochemical properties. A single laminar flamelet, 
generated by considering four step reduced chemistry was used. The selection of 
a single laminar flamelet was justified by arguing that the distribution of the 
estimated scalar dissipation rate has played a very limited role and the computed 
levels were consistent with the experimental observations. Their simulations 
have captured the complex flow pattern developing from the interaction of a 
strongly swirling flow in the primary zone with impinging primary jets. 
Recently Mitarai et al. (2004) have proposed a new Lagrangian flamelet 
model for predicting local flame extinction and reignition. They reported that 
flamelet modelling can predict extinction but reignition cannot be predicted 
without considering the interaction between local cold spots and the hot 
environment. Neither the conditional moment closure nor a new unsteady 
version of flamelet model introduced using a flame-tracking theory (Pitsch 
I 
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2000d) can model reignition. This problem was overcome by mimicking known 
reignition scenarios. A Lagrangian extension of the flamelet model was 
formulated, assuming that a fluid particle belongs to the same flamelet as time 
evolves. The temporal evolution of the flamelet was predicted, among other 
things, from the evolution of mixture fraction and its dissipation rate involved 
with the fluid particle. The flamelet model equation was modified to consider 
heat transfer between the individual flamelets. Model accuracy was tested using 
Lagrangian data obtained from DNS of non-premixed reactions in isotropic 
turbulence; the results have shown good qualitative and quantitative agreement. 
2.2 Unsteady laminar flamelet models 
The importance of unsteady flame structures in stretched laminar flamelet 
models for turbulent jet diffusion flames has been first identified by Haworth et 
al. (1988). They have shown that a tabulated solution of the flamelet equations 
is not always justified as the flamelets do not respond infinitely fast to changes in 
the flowfield as observed for example in direct injection diesel engines. They 
proposed an ad-hoc modification to a changing x value by smaller steps but that 
approach failed to achieve the main goal of capturing unsteady response of the 
flame. Mauss et al. (1990) have first applied transient flamelets using Lagrangian 
residence time to simulate the extinction and re-ignition in turbulent jet diffusion 
flames. Their unsteady calculations showed that CO may overshoot temporarily 
much higher than the corresponding steady state values and that partly explained 
the relatively high CO-concentrations measured in turbulent diffusion flames. 
The Representative Interactive Flamelet (RIF) concept as shown in Figure 
2.1 was introduced by Peters and co-workers (Peters 2000, Pitsch et al. 1996). It 
is an interactive extension of the laminar flamelet model in order to consider the 
finite response time of flamelets to quick changes in the flow field. It computes 
the unsteady flamelet equations interactively with the main CFD code. The 
evolutions of a single or of several `representative' flamelets are calculated in 
between two time-steps of the CFD code. The solution of the flamelet model is a 
new distribution of species in conserved scalar space. The averaged values of the 
species mass fraction and enthalpy in each computational cell are then updated 
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by employing the mixture fraction PDF, which has been computed by the CFD 
code. 
Y(x, t) =J Y(ý, t)P(ý, e(x, t), "(x, t))dý, CFD ý=o 
Code 
T(x, t), p(x, 0 
y(ý't) 
h(x, t) = ýh, Y(x, t) 
(x, t), "(x, t) 
Flamelet 
x (t), p(t) Code 
T, (09T2 (t) 
Figure: 2.1 RIF concept (Peters 2000) 
The boundary conditions and the scalar dissipation rate conditioned at 
stoichiometric mixture fraction are weighted averages over a `flamelet domain' 
of the averaged values resolved by the CFD code. When using a single 
representative flamelet, the flamelet domain is the computational domain of the 
problem selected. Following a specific criterion for uniformity of the mean 
scalar dissipation rate distribution in mixture fraction space, the computational 
domain can be subdivided into several flamelet domains. However, this is a 
computationally expensive calculation with no model constants used in the 
chemistry calculation and all phenomena, on a variety of timescales like 
pollutant formation, extinction, and ignition can be modelled. 
Generally the flamelet code requires a distribution of scalar dissipation rate in 
mixture fraction space as an initial condition. Several models have been 
introduced to define such a distribution, based on the instantaneous value of the 
scalar dissipation rate at stoichiometric conditions. The original development by 
Peters (1984) is based on an infinite unsteady one-dimensional laminar-mixing 
layer. It has the form of the inverse of a complementary error function. Another 
formulation is based on a confined unsteady one-dimensional laminar-mixing 
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layer by Pitsch et al (1998b), allowing for variable limits in the mixture fraction 
space. Focusing on DI diesel engine modelling, this is of particular importance 
as the overall mixture is becoming more homogeneous over time. More recently, 
another formulation has been introduced by Hergart and Peters (2001), computed 
via solving a transport equation for the mixture fraction PDF. 
The early formulation of the RIF model has assumed constant Lewis numbers 
for each species. In order to consider variation of transport properties with local 
conditions of species concentration, pressure or temperature, Pitsch (2000d) has 
considered the flamelet equations including differential diffusion effects. He has 
shown that the differential diffusion effects mainly arise from a laminar region 
very close the nozzle. This region is controlled by molecular diffusion because of 
nonequal diffusivities and therefore differential diffusion is important. At far 
downstream where flow is fully turbulent, the effects of differential diffusion on 
mixing state should be negligible. But due to rapid reduction of the scalar 
dissipation rate, this mixing state becomes frozen before the equal diffusivity 
distribution is achieved. And this effect can only be modelled using the unsteady 
flamelet model. 
Pitsch et at. (1995) have performed simulation of a diesel jet injected into a 
pressurized constant volume using the RIF model and found good agreement for 
ignition delay and pollutant formation trends by using a single representative 
flamelet. The dependency of ignition delay and location of ignition spot on the 
number of representative flamelets was investigated by Wan et al. (1997). 
Findings have suggested that up to 10 multiple flamelets are required for precise 
prediction of the delay and ignition location. When changing the injection rate of 
the fuel, the ignition location moves from close to the nozzle (low injection rate) 
towards the tip of the spray (high injection rate) and this is in agreement with 
experimental results. Pitsch et al. (1996) have employed RIF model using a 
single representative flamelet to 3D DI-diesel engine simulations and found 
reasonable agreement with experimental data for pressure, ignition delay and 
cylinder-averaged major species and exhaust gas emissions of NO and soot. 
Results have been improved by using multiple interactive flamelets (Barths et al. 
1998a). But the results of soot formation have shown large differences. This was 
explained as the production of soot occurs in the rich zones, but as the mixture 
fraction PDF is closely centred around stoichiometric locations in the late phase 
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of combustion, the PDF filters out the soot production. Later Barths et at. (1999) 
used two component reference fuel known as Idea-fuel (70% n-decane and 30% 
a-methylnaphthalene) and pure n-decane to perform multiple RIF simulations of 
3D diesel combustion and obtained good agreement for NO,, and soot. They 
showed that pollutant predictions using Idea-fuel are in close agreement with 
experiments (using diesel fuel) compared to pure n-decane fuel. 
Pitsch et al. (1998b) originally introduced Lagrangian Flamelet Model (LFM) 
for RANS simulations. Later Pitsch et al. (2000a) have extended LFM for Large 
Eddy Simulations (LES). In this approach, unsteady flamelets were solved 
interactively with the LES solver, considering Lagrangian framework for the 
scalar dissipation rate history. The arrangement studied was the Sandia Flame D, 
a piloted methane/air jet diffusion flame. This flame was experimentally 
investigated by Barlow and Frank (1998). The fuel was diluted by 75 vol% of 
air. The fuel nozzle was surrounded by a broad pilot nozzle and a co-flow of air. 
The Reynolds number based on the fuel stream was 22,400. The comparison was 
made for the mean and RMS of the axial velocity and the mixture fraction and 
the unconditional and conditional averages of temperature and various species 
mass fractions, including CO and NO. The numerical results have shown good 
agreement with the experiments. However in the fuel rich part of the flame, CO 
and H2 were overpredicted by the simulations. The results, in accordance with 
experimental findings suggest that regions of high strain appear in layer like 
structures, which are directed inwards and tend to align with the reaction zone, 
when turbulence is fully developed. The study of the conditional temperature and 
mass fractions revealed strong effects of the partial premixing of the fuel. 
Pitsch and Steiner (2000b) have shown using the same piloted flame that the 
filtered scalar dissipation rate including the resolved and the sub-grid part in a jet 
flame is a strongly fluctuating quantity appearing in large-scale organized 
structures. This spatial structure was not considered in the averaging procedure 
used for the LES/LFM simulations. In order to consider local inhomogenities of 
the scalar dissipation rate, an Eulerian form of the flamelet equation was 
proposed by Pitsch (2000c, 2002). The new model Extended Flamelet Model 
(EFM) was then used as a sub-grid model for LES by replacing the scalar 
dissipation rate and the velocity in the flamelet equation by the conditional 
means of the instantaneous local conditionally filtered values of the scalar 
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dissipation rate and the velocity. The importance of EFM is that the flamelet 
equations in an Eulerian system is valid locally and instantaneously and therefore 
allow consideration of the local fluctuations of the scalar dissipation rate. The 
EFM was employed for the LES modelling of the Sandia flame D with a reduced 
20-step mechanism for methane/air combustion and predictions have shown 
good agreement with experimental data. 
To simulate the steady hydrogen-air jet flame Pitsch et al. (1998b) have used 
an unsteady flamelet model to capture the slow process of NO. formation. In 
their study the flamelet time was calculated by integration of the inverse of the 
streamwise velocity at the stoichiometric radial position along the streamwise 
direction. Similar approach is used in the present study to model NO,, formation 
in CO/H2/N2 jet flame (Barlow et al. 2002) and hydrogen jet flame (Barlow et al. 
1994,1996). But this methodology is limited for parabolic flows only as it uses 
Lagrangian residence time. For the turbulent flows where residence time is of 
higher importance due to complex recirculation (elliptic flows) more 
sophisticated unsteady flamelet model known as Eulerian Particle Flamelet 
Model (EPFM) has been proposed by Barths et at. (1998a, b). The EPFM has 
been previously validated for piloted CI/air jet flame by Coelho and Peters 
(2001a). In this study they have tested the effects of different types of initial 
conditions and different initialisation regions. The study reported poor agreement 
for CO and H2 predictions using Steady State initial conditions but two other 
schemes, Flame Sheet and Piloted Flame Sheet gave good results because those 
schemes have accounted transient evolution of CO and H2. In a further 
application, Coelho and Peters (2001b) have used EPFM to model a recirculating 
mild combustion burner but detailed comparison of temperature and species 
were not possible due to the lack of experimental data. The present study uses 
EPFM approach in well documented experimental configurations where detailed 
experimental data is available to study the accuracy and capabilities of the EPFM 
strategy. The experimental configurations used here are the bluff-body stabilised 
CH4/H2 (HM1), H2/CO (HCI), CH3OH (MLI) flames and swirling CH4/H2 
(SMH1) flame investigated experimentally at Sandia National Laboratories and 
at the University of Sydney. 
CHAPTER 3 
Mathematical Models 
In this chapter, mathematical models chosen for the simulation of non-premixed 
turbulent combustion are described. Most of the mathematical models are 
derived on the basis of certain assumptions in order to form a viable analysis. 
However, a complete set of mathematical formulation should provide the 
important quantities in turbulent flames at different points in space and time with 
good accuracy. 
3.1 The exact transport equations 
The fundamental transport equations of fluid dynamics are the conservation 
equations of mass (continuity), momentum and energy. These equations are well 
established and are described in many fluid dynamics texts; see for example 
Versteeg and Malalasekera (1995). Due to the reacting nature of flow, species 
transport equations are also required. More details of species transport equations 
are available in Poinsot and Veynante (2001), Warnatz et al. (1996) and Kuo 
(1986). 
Continuity: 
ap+ap`' 
=o (3.1) at öx, 
Momentum: 
aPu, apu u, _- 
ap at,, 
at + ax, ax, + axi + Pg. (3.2) 
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where r, J 
is the viscous stress tensor described as 
öu, äu1 2 äuk 
zf =µ ax +-3 µ8g 2 
(3.3) 
j rk 
where u is the molecular viscosity, p is the pressure, 8, i 
is the Kronecker delta 
and g, is the gravitational force. 
Energy: 
aph 
+ 
apuJh 
= 
ap 
+a 
ah 
+1-1Nh 
ay 
3.4 
at äx J at ax> Pr ax > 
(Sc 
Pr " ä, 
) 
where h is the specific mixture enthalpy, Y. is the mass fraction of species n, Sc 
and Pr are the Schmidt and Prandtl numbers of the mixture respectively. Under 
the low Mach number assumption the terms associated with the kinetic energy of 
the mixture and the viscous dissipation rate are neglected. Fourier and Fick's 
laws of molecular fluxes are used. The term ap/öt has negligible contribution in 
practical flows like gas turbines, jets and furnaces according to Jones and Khakhi 
(1996). The Lewis number defined as the ratio of Schmidt and Prandtl number is 
close to unity for reacting flows. All these simplifications lead to the energy 
equation: 
aph 
+ 
apu, h 
_a 1c 
ah (3.5) 
at axe ax, Pr ax, 
and the species conservation: 
apy ao Y aJ 
+i "+ '" = t" for n=1, ..., N (3.6) at ax, axi 
where w is the net rate of generation of species n per unit volume, N is the total 
number of species, J,., is the mass molecular flux of species n. Under the dilute 
approximation molecular flux can be written as: 
J,,,, = -pD,, 
aY (3.7) 
where D. is the diffusion coefficient for species n in the mixture. For the 
turbulent flows equation (3.7) can be modified and written as: 
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pD,, + 
0Y^ 
(3.8) 
Sc, ax, 
where Sc, is the turbulent Schmidt number (Sc, = p, /(pD, ) where A is the 
turbulent viscosity and D, is the turbulent diffusivity). However turbulent 
diffusion generally exceeds laminar diffusion and use of detailed laminar 
diffusion properties in turbulent flows is less important. 
To calculate the chemical source term, a system consisting N chemical 
species and N, reaction steps is considered of the form (FLUENT 
documentation): 
en for r =1,..., Nr (3.9) 
n_1 
ke, 
n. 1 
where O is the chemical symbol of species n, yr , and yrn , are the 
stoichiometric coefficients of species n. k f,, and kb , are the 
forward and 
backward rate constants for the reaction r. Equation (3.9) includes all the 
chemical species in the system but only species that appear as reactants or 
products will have non-zero stoichiometric coefficients. The chemical source 
term ov in equation (3.6) is the net result of the construction and destruction of 
species n because of each reaction step r: 
rvn = Mµ n CLIn r 
(3.10) 
r=1 
where Mx,,  
is the molecular weight of species n and da,. is the Arrhenius molar 
rate of formation/destruction of species n in reaction r: 
d).,, = 9(ýVn. r 
kf, 
" 
ýQn. 
" 
)Bý 
- kb,, II 
(Q"". )0,, (3.11) 
n=l M-1 
where Q,,,, is the molar concentration of each reactant product species n in 
reaction r (kg-mol/m3), B , and 
B", are forward and backward rate exponent for 
each reactant and product respectively, 9 is the net effect of third bodies on the 
reaction rate: 
N 
= 
ýj 
%n. 
rQn, r 
(3.12 
n=1 
where 17 , 
is the third-body efficiency of nth species in the rth reaction. 
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The forward rate constant for reaction r, kf, is calculated using the 
Arrhenius expression. 
kJ, =A, T''expl -RT I (3.13) 
where A, is the pre-exponential factor, ß, is the temperature exponent, E,. is the 
activation energy for the reaction and R is the universal gas constant. 
In case of the reversible reaction, the backward rate constant for reaction r: 
kb,, = 
k'' 
(3.14) 
r 
where kr is the equilibrium constant for the rth reaction and given by: 
s0 MI Palm 
ýw.. 
ý 
kr 
_ exp r_r 
palm 
"3.15) 
R RT 
CRT 
where palm is the atmospheric pressure (101325 Pa). The exponential function 
consists of the change in Gibbs free energy and can be calculated as: 
0N0 
_ (yrrt. " - ýVý,. 
) (3.16) ' 
RR 
S'. 
(V 
RT 
hO 
(3.17ý 
RT n=, RT 
where S, ° and h, ° are the standard state entropy and standard state enthalpy 
respectively. To close above discussed equations, the state equation for ideal gas 
is used: 
P= pRT2: 
Yn 
(3.18) 
n=1 
Mw. 
 
The transport equations (3.1) - (3.4) are a coupled set of non-linear partial 
differential equations. Unfortunately, to date there does not exist a general exact 
solution for these equations. Therefore, the only way to solve them for a practical 
problem is by numerical methods. There are several different numerical 
strategies that have been developed to obtain a reliable solution for the many 
different practical problems. The available numerical methods although quite 
different from each other, do share some common features. The most common 
property is the fact that all methods use space discretisation. This means that the 
equations are solved on a discrete number of points. Clearly, this suggests that a 
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grid must be generated which represents the computational domain for which the 
solution is of interest. The accuracy of the solution relies strongly on the applied 
discretisation scheme and on the chosen number of grid points. There are three 
main classes of numerical tools generally employed in turbulent combustion 
research: direct numerical simulation (DNS), large-eddy simulations (LES) and 
Reynolds Averaged Navier-Stokes (RANS) computations. 
Turbulent flows consist a large spectrum of length and time scales. A direct 
numerical simulation (DNS) resolves all length scales down to the smallest scale, 
the Kolmogorov scale and therefore requires extreme dense grid (Veynante and 
Vervish 2002). This method generally demands prohibitive numerical costs for 
practical configurations, but it offers valuable information to improve turbulent 
combustion modelling. Another technique to solve the governing equations is 
known as LES, where the large turbulent flow structures are directly calculated 
and only small subgrid scales are modelled. Due to this, LES requires coarser 
grid than DNS. Yet, the application of LES to engineering problems is still very 
limited. There is, however, an issue related to LES when applied to model 
turbulent combustion. The thickness of the reaction zone may be much smaller 
than the LES cut-off limit, which means that the local flame structure cannot be 
resolved. Therefore LES does not solve the closure problem of the chemical 
source term associated with the nonlinear reaction rate and it has to be modelled. 
But still LES is a useful tool as the mixing process is very important in chemical 
conversion. Non-reactive and reactive system analysis show that LES predicts 
the scalar mixing process and dissipation rates with very good accuracy 
compared to RANS (Pitsch 2006). 
Generally in a majority of engineering applications the information of interest 
is limited to the mean quantities of the flow and this justifies the use of averaged 
transport equations. This procedure is historically known as the Reynolds or 
Favre averaging method or the RANS approach, which will be described in 
detail in the next section. So far this is the most common approach for studying 
turbulent flows in engineering applications and it has been used in the present 
study. 
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3.2 Reynolds/Favre *averaged equations 
As discussed earlier the full numerical solution of transport equations is 
expensive and limited to very simplified cases. To cover problems of practical 
interest, an additional step is introduced by averaging the transport equations to 
describe only the mean flow field. Each quantity qp is split into a mean ö and a 
deviation from the mean denoted by (p': 
9p=O+gyp' with F=0 (3.19) 
Then, previously discussed governing equations can be ensemble averaged to 
obtain transport equations for the mean quantity 0. This classical Reynolds 
averaging technique is widely used to model non-reacting flow problems. But it 
brings unclosed correlations such as u(p' that are unknown and must be 
modelled. 
Reacting flows are characterized by a significant heat release due to chemical 
reactions and, therefore, by strong density fluctuations. If density variations have 
to be accounted for, the Reynolds averaging procedure results into many 
correlations which include density fluctuations. To avoid these correlations the 
Favre averaging method is used for the modelling of turbulent reacting flows. 
Then, all variables except the pressure are mass or Favre averaged as: 
P(P (3.20) 
p 
where the tilde denotes a mass or Favre averaged quantity. Again, the local 
variable may be decomposed into Favre averaged mean quantity and its 
fluctuating part. 
rp=rp+V (3.21) 
where the double prime denotes the fluctuation about the mass averaged mean. 
Substituting equation (3.21) with the appropriate variable into the transport 
equations and time averaging those equations yields the mass or Favre averaged 
governing equations. In Cartesian coordinates the Favre averaged equations of 
continuity, momentum, energy and species can be written as: 
Continuity: 
ap+a'°ui=0 (3.22) at ax, 
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Momentum: 
PI5, +a, 
üIüfýa1 ?I+ 
(3.23) 
at ax, äx, öxi äxß 
pgi 
Energy: 
aph apüýh 
_ 
opuh" 
at + äx . 
(3.24) 
Species: 
öpf öPülY ä1, n 
äPu; Y" 
_- at + ax i ax i ax 
=wn forn=1,..., N (3.25) 
111 
These equations are applicable for high Reynolds numbers so that the 
averaged molecular fluxes can be neglected in comparison to turbulent fluxes 
pu"u, " (Reynolds stress) and puj"tpn (scalar flux). The unknown terms in the 
above equations are the density, Reynolds stress, scalar flux and mean reaction 
rate. The first two unknowns are calculated from a turbulence closure model, 
while a combustion model is needed to compute the last two unknowns. 
3.3 Turbulence models 
There are several models available to model Reynolds stresses. Among these, the 
standard k-c model is very popular and widely used to model industrial turbulent 
flows. It is simple and computationally less expensive and at the same time 
provides reasonably good results (Brookes and Moss 1999; Biagioli 1997; 
Sanders and Lamers 1994). The standard k-E model has shown poor performance 
in several important cases like some unconfined flows, swirling flows and fully 
developed flows in non-circular ducts (Versteeg and Malalasekera 1995). 
However, the standard k-c model provides improved predictions of spreading 
rate in case of the jet flames and bluff-body flames when the value of constant 
Cs1 is changed from 1.44 to 1.6 (Hossain 1999, Dally et al. 1998b). But only the 
second moment closure model like Reynolds Stress Model (RSM) offers 
accurate predictions for swirling/recirculating flows (Odedra and Malalasekera 
2005). In the present study the k-c model is used to simulate the jet flames and 
the Reynolds Stress Model is employed to model the Sydney bluff-body flames. 
Performance of the k-E and the RSM is compared for the Sydney swirling flame. 
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3.3.1 The standard k-E model 
Originally the standard k-s model was developed for non-reacting flows where 
assumption of constant density does not affect the results but in combusting flow 
density variations are high due to heat release and must be taken into account. In 
order to consider the density changes Favre averaged equations are used, more 
details can be found in Kuo (1986). A common method uses the Boussinesq 
hypothesis (Hinze 1975) to relate the Reynolds stress to the mean velocity 
gradients: 
(3.26) + 
au' 
+? fi 
au' 
+ pk 5q 
äxß ex, 3 ex, 
where A is the turbulent viscosity and it is assumed to be proportional to the 
product of turbulent velocity and length scale. In the standard k-e model 
turbulent velocity and length scale are obtained from the turbulent kinetic 
energy, k and the dissipation rate of turbulence kinetic energy e. The turbulent 
viscosity is modelled as: 
fc, = pCý, 
k (3.27) 
where C,, is a proportionality constant. The transport equations for turbulence 
kinetic energy and energy dissipation rate are: 
öpk öpü. k 
=ä 
ft, ök 
--) at + öxý öx i+a öx 
+Gk-; 5E (3.28) 
Iiki 
and 
öps öpü E_ö ýt öE s s! 
at + cox, öx 
p+ +C' k Gk -CýzP k (3.29) 
sJ 
where CE., , C,. are the empirical constants, o-k and o-, are 
the turbulent Prandtl 
numbers for k and v, respectively. Gk is the rate of production of turbulent 
kinetic energy: 
öü 
Gk= -Pu, uj I (3.30) 
The model constants have the following default values (FLUENT 
documentation) 
C6, =1.44, CF2 =1.92, Co = 0.09, ok =1.0,6s =1.3 
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These values have been obtained from experiments with air and water for 
fundamental turbulent shear flows including homogeneous shear flows and 
decaying isotropic grid turbulence. 
The standard k-e model fails to predict the correct spreading rate for a single 
axisymmetric jet issuing into a co-flowing or a stagnant environment. Several 
researchers have tried to fix this problem by proposing different empirical 
modifications of the model constants (McGuirk and Rodi 1979; Pope 1978). The 
overprediction of the spreading rate is reported for the case of bluff-body flames 
(Hossain 1999; Gran et al. 1997; Gran and Magnussen 1996). Hossain (1999) 
has shown for the k-c and Dally et al. (1998b) have shown for both the k-c and 
RSM that a simple change of CE, from 1.44 to 1.6 is sufficient to predict the 
correct level of spreading rate for the bluff-body flames. Similar modification 
has been applied in the present study for predicting the jet flames and bluff body 
flames while swirling flame has been simulated using the standard k-c and the 
RSM without any modifications. 
3.3.2 The Reynolds Stress Model (RSM) 
The Reynolds Stress Model (Gibson and Launder 1978; Launder 1989) does not 
use eddy-viscosity hypothesis but closes Reynolds-averaged Navier-Stokes 
equations by solving transport equations for the Reynolds stresses, accompanied 
with an equation for the dissipation rate. The RSM solves five equations for 2D 
problem and seven equations for 3D problem. Thus, RSM is computationally 
more expensive than simple turbulence model like the k-c model. But RSM 
considers the effects of streamline curvature, rotation; swirl and rapid changes in 
strain rate in a more rigorous manner than other simple models. The validity of 
RSM prediction is still limited by the closure assumptions used to model various 
terms in the exact transport equations for the Reynolds stresses. Especially the 
modelling of the pressure-strain and dissipation-rate terms are challenging and 
mainly found to be responsible for compromising performance of RSM. 
The exact formulation of the Reynolds stress transport equations may be 
possible by taking moments of the exact momentum equation. In this process the 
exact momentum equations are multiplied by a fluctuating property, after that 
product is Favre averaged. Modelling assumptions are necessary for several 
unknown terms. 
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The exact transport equations for the Reynolds stresses pu, uý may be written 
as follows (FLUENT documentation): 
Su +Cj =-Dru +DLu -P, j +S, ý -c, ý -FJ (3.31) 
where, 
äpu; u" Time derivative term, S, ý = at 
ü uý Convection term, Cj 
äpuk 
= Öxk 
Turbulent diffusion term, D, ,f= axk pu, ujuk + p(8k, u"+ 
8kuý 
Molecular diffusion term, DL, = 
-k 
ýtk (u uJF) 
Stress production term, Pj =pü uk ' +iuk 
kk 
Pressure strain term, Sj =p 
öu ;+ öu-j 
öxi axe 
Dissipation term, sf = 2p 
au", öui" 
&k &k 
Production by system rotation, F,, ß = 2,5nk 
In equation (3.31) the terms C,, D,, j, P. and 
F. do not require any 
modelling but terms like DT, 1, S11 and sj need modelling to solve the transport 
equations. Modelling techniques used in FLUENT are: 
Turbulent diffusion term 
Drrf 
k 
Qk 
k 
(3.32) 
where ck = 0.82. 
The turbulent viscosity A, can be calculated by equation (3.27) with turbulence 
kinetic energy. 
I 
u"uý (3.33) 
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FLUENT offers two types of models to treat pressure-strain term S,,. First 
model is the linear pressure-strain model, which is used in the present study and 
second is the quadratic pressure-strain model. 
Linear pressure-strain model 
The pressure-strain term S, , in equation (3.31) is modelled according to Gibson 
and Launder (1978), Fu et al. (1987) and Launder (1989a, b). 
S, = SY,, + S, ß. 2 + S,, (3.34) 
where S.., is the slow pressure-strain term also called return-to-isotropy term, 
S, ß. 2 is known as the rapid pressure-strain term and S, ý w 
is the wall-reflection 
term. The first term S,., is modelled as: 
sail -CiP 
kIü 
uý -38, jk1 (3.35) LJ 
where C, = 1.8. 
The rapid pressure-strain term S,,, 2 is modelled as: 
S; ý2=-CZ 
[(i 
+F -c, 
)_.. o (o. 5P, -0.5C) (3.36) 
where C2 = 0.6, P, ý and C, ý are described as in equation (3.31). 
The wall-reflection term S,,,, is used to include redistribution of normal 
stresses near the wall. It damps the normal stress perpendicular to wall, while 
increasing the stresses parallel to the wall. Modelling equation for this term is: 
3 
3-3ky 
S, 
ý. w = 
C, k ukumnknm8Iý 2 ; uknink -2 u'uknn ik) C sdl C/ (3.37) 
+CI Skm2nknmölJ-2 
33z 
Sk. 
2njnk-2Sk. 2nlnk)Cid 
1 
where Cl '= 0.5, CZ = 0.3, n1 is the xj component of the unit normal to the wall, 
dl is the normal distance to the wall and C, = CN °/kk , where C. = 0.09 and k, 
is the von Kärmän constant (with value 0.4187). 
Chapter 3. Mathematical Models 33 
Modelling the turbulence kinetic energy 
Boundary conditions for the RSM are obtained by solving a transport equation 
for turbulence kinetic energy. Elsewhere in the domain turbulence kinetic energy 
is calculated using equation (3.33). The transport equation is similar to the k-e 
model. 
8pk 8pü, k 
-8 
ýc, ak 1Z (3.38) 
at äx ax axj +2 
P - ps 
(l+2 
1/k 
where o-k = 0.82. 
Modelling the dissipation rate 
The dissipation tensor E. is modelled as: 
E; ý =3S, j 
(ps+V,. (3.39) 
where Tim = 2piM, 2 is an additional `dilatation dissipation' term according to the 
model by Sarkar and Balakrishnan (1990). M, is a turbulent Mach number and 
defined as: 
Fk 
(3.40) MI": T2 
where I is the speed of sound. 
The scalar dissipation rate s can be obtained via solving a transport equation 
similar to the k-s model. 
apg apü £ 
__ 
a a£ EZ 
at + ax1 
e 
ax1 P+6a axI 
+C`' 2[1', I]k- 
C62P k (3.41) 
The model constants have the following default values (FLUENT 
documentation) 
C61 =1.44, Cs2 = 1.92, a, =1.0 
As discussed earlier the value of C61 is changed from 1.44 to 1.6 for bluff-body 
flame simulations (Dally et al. 1998b). 
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3.4 Formulation of the mixture fraction 
A very important parameter for the modelling of non-premixed combustion is the 
mixture fraction ý. Therefore, it is useful to discuss the formulation of the 
mixture fraction before discussing combustion modelling. 
The definition of the mixture fraction is best derived for a homogeneous 
system in the absence of diffusion. The global reaction equation for complete 
combustion of hydrocarbon fuel can be written as: 
YFCmHn +V f it 
202 VC 
CO2 +y420HZO (3.42) 
where VIF'and yro2 are stoichiometric coefficients. The consumption of fuel is 
strongly coupled to the consumption of oxygen given by the following equation: 
dYo2 dYF 
(3.43) 
Y' 02 
Mw, 
0 Y FMw, F 
where Mx o= and MW F are the molecular weight of oxygen and fuel 
respectively. For a homogeneous system equation (3.43) can be integrated to get: 
WYF -Yoe =YVYF. u -Yo2. d 
(3.44) 
where yr = yro2Mx,. o2 
/y4FMW. 
F is the stoichiometric oxidiser to fuel ratio and the 
subscript u describes the initial conditions in the unburnt mixture. The mass 
fraction YF and Yo= relates to any state of combustion between the burnt and the 
unburnt state. Assumption of the equal diffusivity for fuel and oxidiser helps to 
use equation (3.44) for non-homogeneous systems like diffusion flames. 
Air 
rn2 =0 -' 
= 
Fuel ý =1 -- - -------- ) --- 
Air 
m2 
Figure: 3.1 Two feed system 
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Considering a standard two feed system as shown in Figure 3.1, where 
subscript 1 denotes the fuel stream with mass flux th, and subscript 2 denotes the 
oxidiser stream with mass flux m2 into the system. The mixture fraction ý is 
defined at any time and location as the local ratio of the mass flux entering from 
the fuel feed (m, 1) to the sum of both mass fluxes (m1 ! +m21) 
m,,, (3.45) 
mil+mZ1 
Inert gases like nitrogen, argon or helium may be present in fuel or oxidiser 
stream. The local mass fraction of fuel YF u 
in turbulent mixture can be obtained 
by: 
YF, 
4 = 
YF., ý (3.46) 
where YF 1 denotes the mass fraction of fuel in the fuel stream. Similarly the 
mass fraction of oxidiser in turbulent mixture can be calculated as: 
YO,, 
u = Yä2,2 
(1- 0 (3.47) 
where Yo= 2 represents mass fraction of oxygen in oxidiser stream. Applying 
equation (3.46) and (3.47) into (3.44), the expression for the mixture fraction can 
be obtained: 
ýYF -Y02 +y02,2 (3.48) 
Y' F. I +Y02. z 
At stoichiometry i'YF. = Yoe , therefore stoichiometric mixture 
fraction is given 
by: 
VYF'' 
1+ (3.49) ýSr= 
Yo2z 
Another formulation of the mixture fraction can be derived based on element 
mass fraction 4, for the elements j=C, H and 0 in hydrocarbon combustion. 
Due to the reactions the mass fraction of chemical species may change but the 
mass of elements is conserved. For simplicity assigning u equal to unity in 
equation (3.42), one obtains the element mass fractions 
ýc 
__ 
ýH YF, 
u 
, 
ýo = ý0, (3.50) i M,,. 
c 
"Mw Mw, 
F 
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where Mw is the molecular weight of element j. 
A coupling function can be introduced as: 
ýc 
+ -2 O (3.51) thMw. c nMw, x V°: Mw"02 
In order to get Bilger's (1988) definition of mixture fraction equation (3.51) can 
be normalised to vary between 0 and 1 as: 
0- ßz 
(3.52) 
And Bilger's (1988) formulation of mixture fraction is: 
ýc (inM., c)+ýH/(hMW, H)+2(Yo,, 2- 
0/(V62 m 
W, 02) (3.53) 
ýc, 1 
/(mMW, 
C) + ýH, i/(n"Mw H) + 2Yo2,2 
/(wo= Mw, 02 
This definition is popular for the calculation of mixture fraction from 
experimental or numerical data when mass fractions are available. But in 
experiments mass fractions of all the minor species are generally not available 
and in most numerical calculations the diffusivities are not the same for all the 
species. These limitations restrict the use of equation (3.53). 
If diffusivities of all the species D. are assumed to be equal D, ti , the mean 
mixture fraction can be obtained by solving a convective diffusive equation: 
app 
+. 
apu4 
=a pDh 
a (3.54) 
at CIXJ äxß öxi 
where D,, is the thermal diffusivity. 
The advantage of the mixture fraction modelling approach is that the 
chemistry is reduced to a single mixture fraction quantity. All the scalars like 
density, temperature and mass fraction are uniquely related to the mixture 
fraction. Provided a description of the reacting system chemistry, the 
instantaneous mixture fraction value at each point in the flow field can be used to 
obtain the instantaneous values of individual scalars. For the adiabatic system 
relation is: 
0 =o(ff) (3.55) 
The functional relationship between q$ (density, temperature and species 
mass fractions) and mixture fraction relies on the definition of the system 
chemistry. The chemistry can be modelled via equilibrium models like flame- 
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sheet model, constrained equilibrium model or non equilibrium models like 
laminar flamelet model, conditional moment closure model etc. In the present 
study steady/unsteady laminar flamelet models are used and detailed description 
is provided in next section. 
3.5 Steady laminar flamelet model 
The laminar flamelet approach models a turbulent flame brush as an ensemble of 
discrete, steady laminar flames known as flamelets (Bray and Peters 1994). 
Theoretical background of the laminar flamelet concept can be found in Peters 
(2000,1986 and 1984) and Bray and Peters (1994). The individual flamelets are 
assumed to have the same structure as laminar flames in simple geometry and are 
obtained by experiments or numerical calculations. The approach assumes that if 
the chemical time scales are much shorter than the characteristic turbulence time 
scales, reaction takes place in locally thin one-dimensional structures. In non- 
premixed turbulent combustion, the reaction zone is attached to the high 
temperature region close to stoichiometric mixture and advected and diffused 
with the mixture fraction field (Bray and Peters 1994). It is also noticed that the 
flame fronts encountered in the non-premixed flame have no intrinsic, flow field 
dependent length scale; the flame thickness can be determined entirely by the 
mixture fraction field. 
/Flame 
Oxidiser 
Stagnation plane 
/ 
Nozzle 
Stream line 
Figure: 3.2 Laminar opposite diffusion flame 
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A popular configuration used to obtain flamelet structure is the laminar 
counterflow diffusion flame as shown in Figure 3.2. This geometry consists of 
opposed, axisymmetric fuel and oxidiser jets. As the distance between jets is 
decreased and/or the velocity of the jets increased, the flame is strained and 
increasingly departs from chemical equilibrium until it is eventually 
extinguished. The scalars like temperature, mass fraction of species can be 
measured in laminar counterflow diffusion experiments or usually calculated. To 
perform calculation, the governing equations are simplified to one-dimension to 
include detailed chemistry treatment. 
The mixture fraction ý in a laminar counterflow flame decreases 
monotonically from unity at the fuel jet to zero at the oxidiser jet. If the species 
mass fractions, temperature and density along the axis are transformed from 
physical space to mixture fraction space; they can be uniquely described by two 
parameters: the mixture fraction ý and the strain rate a (or alternatively the 
scalar dissipation rate Z). This simplification is very powerful and allows the 
flamelet calculations to be pre-processed and stored in a look-up table. 
Flamelet generation 
Detailed discussion of laminar flamelet concept can be found in Peters (1984, 
1986 and 2000). The flamelet structure can be computed from the solution of 
flamelet equations derived from the transport equations for species mass 
fractions and energy by means of a coordinate transformation. For unity Lewis 
number flamelet equations can be written as (Pitsch and Peters 1998a) 
aT x aT x H, aý aT 1" p- pZ- p- cp, '+ +- hrh, - yR =0 (3.56) at 2a 2cp , _, 
aý aý aý cp =, 
aY x a2Y (3) Pat-P2aý2-m, =0 . 57 
where p is the density, t the time, ,' the scalar 
dissipation rate, T the 
temperature, c,, the specific heat capacity, ý the mixture fraction, h the 
enthalpy, m the reaction rate, qR the radiative heat loss per unit volume, and the 
subscript i refers to the ith chemical species. The scalar dissipation rate is an 
important flamelet parameter, which accounts the straining effects and defined as 
(Peters 2000): 
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%=2DDIV I2 (3.58) 
In equation (3.58) DD is a diffusion coefficient and set such that the mixture 
fraction Lewis number is equal to unity. The scalar dissipation rate is a function 
of mixture fraction and modelled according to Peters (1984). It is formulated 
assuming constant diffusivity and therefore can be obtained from an error- 
function, which is the shifted and scaled mixture fraction profile in physical 
space. 
x( )= 9 exp{-2[erfc-1 (2 )]2} =f (3.59) 
where erfc"' is inverse of the complementary error function and a is the velocity 
gradient at the stagnation position. This can be represented as 
X (ý) =x. 
f () 
(3.60) 
The flamelet equations are function of the mixture fraction ý and scalar 
dissipation rate at stoichiometry X.,,. The flamelet equations also require 
specification of initial and boundary conditions for the solution. The steady 
solution of equation (3.56) and (3.57) can be achieved via marching in time until 
solution reaches a steady state. 
Non-equilibrium parameter 
Currently there are two parameters widely used to account for non-equilibrium 
effects: the scalar dissipation rate and strain rate. The scalar dissipation rate is the 
theoretically correct parameter and should consider non-equilibrium effects 
caused by both convection and diffusion (Bray and Peters 1994). Also Ferreira 
(1996) has compared OH concentration measurements from Barlow and Carter 
(1994) with two different solutions of the flamelet equations. The first 
calculation has used strain rate a and considered differential diffusion effects 
while second calculation has used scalar dissipation rate ,' with unity Lewis 
number for all the species. He showed that only flamelet solution with unity 
Lewis number and scalar dissipation rate as a non-equilibrium parameter shows a 
good agreement. Therefore the current study uses scalar dissipation rate to 
include straining effects and Lewis number for all the species are set to unity. 
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According to equation (3.60), x depends on xs, and ý, which are both 
fluctuating quantities. Assuming that these are statistically independent, the 
turbulent mean value of the scalar dissipation rate can be represented by: 
x= jxsýP(x')dxs, ff 
VýPdý 
(3.61) 
Zf(' 
where the first integral defines the mean scalar dissipation rate conditioned at 
stoichiometry: 
j. 
 = 
Jxs, P(Xsr) dx, (3.62) 
x 
Also after Jones and Whitelaw (1982) the turbulent scalar dissipation rate can 
be expressed as: 
z_ CX 
knz (3.63) 
where k is the turbulence kinetic energy, s the dissipation rate of turbulence 
kinetic energy, ßn2 the mixture fraction variance and the constant cx = 2.0 
(Peters 2000). Now conditional scalar dissipation rate Z, can be expressed as: 
C 
Ern2 
xs 
x. " =1kf () r 
(3.64) 
07j sr) 
Ü(ý)dý 
The conditional scalar dissipation rate x calculated from equation (3.64) is 
substituted to (3.60) and then the functional expression given by equation (3.60) 
is used in equation (3.56) and (3.57). Flamelet solution of scalars (density, 
temperature and mass fraction of species) is function of the conditional scalar 
dissipation ratezs, and the mixture fraction 4. 
0_0Ull9ý) (3.65) 
The presumed shape PDF method ` 
The density weighted mean species mass fractions and temperature in the 
turbulent flame can be determined from the presumed PDF of ý and j as 
=ffO (ý, Xsý 
)P (ý, Xs, )d ýd XSº (3.66) 
where 0 denotes species mass fractions and temperature. 
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For simplicity, ý and z are assumed to be statistically independent, so the 
joint PDF can be represented as P (ý) P (z,, ) . Fluctuations in x,, are 
ignored so that the PDF of , 
gis, is a delta function: P (; ý5, ) =S (x - xr, ) The first 
moment called mean conditional scalar dissipation rate, Z, is modelled 
according to equation (3.64). A6 PDF is assumed for P(ý) and calculated as: 
PW (3.67) 
1 0, -I (1_0 a-l dý r(a, )r(b, ) 
o 
r(a, +b, ) 
where the values of the exponents a, and b, are given by: 
(3.68) 
rN2 
b, =(1-e) (3.69) 
The mean ý and the variance, F, of the mixture fraction are obtained from the 
solution of their transport equations as given below. 
app 
+a 
(Pü1 )_a 
ýý a (3.70) 
at ax, ax, Sc, ax, 
z n2 
aP nZ 
+a 
pu' 
=aa 
n2 
+i 
aý ýz 
_P; (3.71) at ax, ax, 
(SC, 
ax, , 
where A is the turbulent viscosity, Sc, is the turbulent Schmidt number (= 
0.85) and the mean scalar dissipation rate Z is calculated from equation (3.63). 
3.6 Unsteady laminar flamelet models 
Mainly there are two types of unsteady laminar flamelet models that could be 
successfully implemented either interactively or applied in post-processing stage, 
the Lagrangian Flamelet Model (LFM) (Pitsch et al. 1998b) and the Eulerian 
Particle Flamelet Model (EPFM) (Barths et al. 1998b). However, the post- 
processing analysis is valid only for the steady combustion problems. 
Application of LFM is limited to parabolic flows while the EPFM can be used 
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for both parabolic and elliptical flows (Coelho et al. 2001a). The EPFM has the 
advantage that it accounts for the spatial variation of scalar dissipation rate in the 
evolution of multiple unsteady flamelets (Wan et at. 1997, Barths et al. 1998b). 
In the present study unsteady flamelet models are employed in post-processing 
stage. Lagrangian Flamelet Model has been used to simulate the jet flames 
(CO/H2/N2 and H2), while EPFM has been used to model the Sydney bluff-body 
flames (CH4/H2i H2/CO and CH3OH) and the Sydney swirling flame (CH4/H2). 
The details of LFM and EPFM are described below. 
3.6.1 Lagrangian Flamelet Model (LFM) 
The importance of transient effects in the case of steady turbulent jet diffusion 
flame has been reported by Pitsch et al. (1998b), who used the unsteady flamelet 
model with a Lagrangian time to account for rapid changes in flow direction. 
The flamelet time t was calculated in Lagrangian fashion: 
x 11 f dx (3.72) 
5 (x),. 
where 5(x), =,, 
is axial velocity at the stoichiometric mixture fraction. Also they 
have introduced a diffusion time: 
tX = 
(4), 
(3.73) ill 
The diffusion time is the time required to exchange mass and energy over a 
distance 04 in the mixture fraction space. Here 0ý is typically the flame 
thickness (')F in the mixture fraction space. If this time is short compared to 
the flamelet time (Lagrangian time) the flamelet is able to follow changes in the 
scalar dissipation rate quickly and the unsteady term in the flamelet equations 
can be ignored. This has been shown by Pitsch et al. (1998b) to be valid in the 
region up to 30 diameters from the nozzle. Further downstream the domain- 
averaged conditional scalar dissipation rate decreases quickly and therefore tX 
becomes greater than the Lagrangian time t. In this region the unsteady term is 
important and should be retained to correctly predict the slow NO formation, 
while the major combustion reactions are already very close to chemical 
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equilibrium and not very sensitive to unsteady effects. The domain-averaged 
conditional scalar dissipation rate is calculated as: 
j(21)312 PP(ý )dV 
x=v (3.74) J(Z' U2 PP&. c 
)dV 
v 
where 2 is the conditional scalar dissipation rate calculated for each cell using 
equation (3.64), P(s, ) is the /3 PDF for stoichiometric mixture fraction. The 
turbulent mean value of scalars ý (temperature and species mass fraction) is 
calculated as: 
I 
= 
joý (3.75) 
0 
Pitsch et al. (1998b) have also assessed the influence of unsteady effects on 
radiation heat loss. They have considered radiation heat loss qR using optically 
thin approximation: 
RR =4Q(T4-T4)1: par., ' (3.76) 
where a- is the Stefan-Boltzmann constant, T. the ambient temperature, p, and 
aP, are the partial pressure and the absorption coefficient of species i, 
respectively. The formula used in the present study to calculate absorption 
coefficient for species C02, H2O, CH4 and CO is taken from TNF website. A 
species would take part in the radiation calculations if it is present in the selected 
chemical mechanism. The following expression has been used to compute ap 
for H2O and CO2 in units of (m"'atm"'). These curve fits were created for 
temperature between 300 K and 2500 K and may be very inaccurate outside this 
range. 
ap = cO + cl x (1000/T) + c2 x (1000/T)2 + c3 x (1000/T)3 + c4 x (1000/T)4 + 
c5 x (1000/1)5 
where T is the local flame temperature and the value of coefficients are described 
in Table 3.1. 
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Table 3.1: Value of coefficients for CO2 and H2O (TNF website) 
Coefficient H2O CO2 
co -0.23093 18.741 
cl -1.12390 121.310 
c2 9.41530 273.500 
c3 -2.99880 194.050 
c4 0.51382 56.310 
c5 -1.86840e-05 -5.8169 
A fourth-order polynomial in temperature has been used for CH4: 
ap CHa = 6.6334 - 0.0035686 xT+1.6682e-08 x T2 + 2.561 le-10 x T3 
- 2.6558e-14 x T4 
A fit for CO has been used in two temperature ranges according to local flame 
temperature T. Values of coefficients are shown in Table 3.2. 
ap co = c0 +Tx (cl +Tx (c2 +Tx (c3 +Tx c4))) 
Table 3.2: Value of coefficients for CO (TTNF website) 
Coefficient T< 750 K T> 750 K 
co 4.7869 10.09 
cl -0.06953 -0.01183 
c2 2.95775e-4 4.7753e-6 
c3 -4.25732e-7 -5.87209e-10 
c4 2.0894e-10 -2.5334e-14 
A characteristic radiation time in diffusion flames, which is required to 
decrease the maximum flame temperature by AT was calculated as: 
tRad -_ 
(pcP )s, AT 
(3.77) m 
q(Tmý ) 
In their calculation for a diluted hydrogen flame Pitsch et al. (1998b) showed 
that after some time tRad reaches a steady state value of sze 20 ms. This indicates 
that radiation is not important at least during first 20 ms. Thereafter, radiation is 
important and significantly influences the flamelet. At downstream, radiation 
time and flamelet time remain in the same order of magnitude, which means that 
radiative effects cannot occur instantaneously. Also Pitsch et al. (1998b) showed 
that steady flamelet calculations with radiation heat loss using equation (3.75) 
result in unrealistically low temperature predictions. Therefore unsteady effects 
are crucial to account the radiation heat loss. 
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Solution algorithm for LFM 
Pitsch et at. (1998b) have compared the performance of interactive and post- 
processing style implementation of Lagrangian Flamelet Model and showed that 
predictions of major species and NO by both styles are identical. Therefore 
current study uses LFM in post-processing stage. The computation procedure is 
graphically shown in Figure 3.3. First a converged steady laminar flamelet 
solution is obtained using FLUENT. Now mixing field and flow field is fixed 
and exported to MATLAB for unsteady analysis. Using the mean mixture 
fraction 
, mean mixture 
fraction variance "Z and mean scalar dissipation rate 
x the conditional scalar dissipation rate Z, is calculated for each cell (equation 
3.62). Then domain averaged scalar dissipation rate is calculated (equation 3.74). 
Flamelet time is calculated by integrating the inverse of the axial velocity ü at 
the stoichiometric radial position. The unsteady flamelets are generated using 
FlameMaster employing flamelet time and domain averaged scalar dissipation 
rate. Unsteady calculations also require initial conditions which are taken from 
steady flamelets. All the species involved with NO chemistry except N2 were set 
to zero in the initial condition. Finally the mean value of scalars is computed 
using equation (3.75). 
ü 
Calculation Favre-averaged 
SUM of conditional species and Simulation scalar temperature dissipation 
rate, z computation, 
qS 
(Eq. 3.64) O (Eq. 3.75) 
0 and t (Eq. 
3.72) 
CFD Calculations 
r 
Domain Unsteady 
averaged, flamelet 
2 calculations 
O3 (Eq. 3.74) 0 
Post-processing LFM 
Domain '-' Unsteady 
averaged, flamelet 
2 calculations 
O3 (Eq. 3.74) Q 
Figure 3.3: Post-processing style LFM 
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3.6.2 Eulerian Particle Flamelet Model (EPFM) 
For complex recirculating combustion problems, where residence time effects 
become important, an another sophisticated unsteady flamelet model called 
Eulerian Particle Flamelet Model (EPFM) has been proposed (Barths et al. 
1998b). The EPFM traces mass weighted fraction of particles corresponding to 
flamelets, initialised at particular locations according to the stoichiometric 
mixture fraction value and scalar dissipation field. Barths et al. (1998b) have 
applied EPFM to simulate a gas turbine combustor operating in steady state. In 
their study good agreement for the NO,, index was obtained using the EPFM but 
no detailed comparisons were available to assess the accuracy of local 
predictions. Later Coelho and Peters (2001a) have applied EPFM to model a 
piloted methane-air jet flame and found good agreement with experiments 
particularly for CO and NO. In a further application Coelho and Peters (2001b) 
used EPFM to model a recirculating mild combustion burner but detailed 
comparison of temperature and species were not available due to lack of 
experimental data. The present study uses the EPFM approach in well 
documented experimental configurations where detailed experimental data is 
available to study the accuracy and capabilities of the EPFM strategy. The 
experimental configurations used here are the Sydney bluff-body flames 
(CH4/H2, H2/CO and CH3OH) and the Sydney swirling flame (CH4/H2). 
In the EPFM technique, different marker fluid particles representing 
flamelets are introduced into the turbulent flow and transported throughout the 
flow domain. The probability of finding a fluid particle at a given location is 
calculated by solving an unsteady convective diffusive transport equation. 
Depending on the path of a particle takes through the turbulent flow each particle 
represent different flamelet histories. Eulerian transport equation for the 
probability of finding a fluid particle representing a flamelet can be written as 
(Barths et al. 2000): 
apl° 
+ 
apü, ln 
=ap, 
al 
(3.78) 
at ax, az, 0', ax, 
where I is the probability of finding a particle n, a, the turbulent Prandtl 
number. As particles are transported through the domain they face different 
values of the scalar dissipation rate, depending on their position within the flow 
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field. A domain averaged value for the scalar dissipation rate conditioned at 
stoichiometric mixture for each particle is calculated following Pitsch et al. 
(1998b). Here it is weighted additionally with I the probability of finding a 
particle n (Barths et al. 2000): 
$In. 23'2P ( 
sr 
) dV 
x 
r. n =v (3.79) fl p-x, P( 
Sr)dV 
v 
In equation (3.79) numerator and denominator are integrated over the whole 
computational domain. The domain averaged conditional scalar dissipation rate 
j,,., is a function of time as the probability of finding a particle 1 changes with 
time. Equation (3.79) gives the transient history of a domain averaged scalar 
dissipation rate. Finally the local steady-state Favre averaged species mass 
fractions and temperature can be computed by integration over time and 
summation over the number of particles, weighted by the temporal integration of 
the summation over the number of particles (Barths et al. 1998b). 
1J 
In (t) Jo( ýX31. nýP( 
ýd dt 
(x, t) _noo (3.80) 1 Enrol 
f I (t)dt 
n0 
And rms fluctuations of j (z, t) can be calculated as 
t) - On( ))2 P(f)d dt 
(ý'(x, t)) _°° , n- 
(3.81) 
f Iý (t) dt 
n0 
where, 
Yin 
(x't) 
=fO,, 
(ý)! (ý) dý (3.82) 
0 
where q (4) is the unsteady laminar flamelet for scalar 0 corresponding to 
x,,,,, 
. In equation 
(3.80) and (3.81) t f0, is chosen long enough so that all the 
particles leave the reaction zone and the contribution to integrals becomes 
negligible. 
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Solution algorithm for EPFM analysis 
Schematic of the solution procedure for post-processing style EPFM, which 
involves two stages, is shown in Figure 3.4. First stage CFD calculations are 
performed using FLUENT while second stage calculations are done separately in 
MATLAB. Post-processing calculations begin with a converged SLFM solution. 
The density, mean mixture fraction , 
its variance r2 and mean scalar 
dissipation rate X values are used in the second stage to calculate conditional 
scalar dissipation rate js, (equation 3.62) for each cell. An initialization region 
(computational cells) near to the fuel inlet where > is selected according to 
Coelho and Peters (2001a). If only one marker particle is selected, the initial 
probability Is, is set equal to unity in the considered region and zero 
everywhere else. If multiple particles are considered, the initialization region 
remains the same, but it is divided into a number of sub-regions equal to the 
number of marker particles, and each sub-region is assigned to a particle (Coelho 
and Peters 2001a). The sub-regions are created such that each particle covers 
certain range of conditional scalar dissipation rate. The initial probability of 
finding a marker particle is then equal to l in its own sub-region and equal to 0 
everywhere else. Different types of particles are separated by different initial 
conditions. The boundary conditions are the same for all the particles, and do not 
change with time. The probability I is set to zero at the air and fuel inlets, and 
zero gradient is prescribed at the symmetry plane and at exit. At each time 
iteration the probability of finding a particle n, I. within entire domain for each 
particle is obtained. Using T. values at each cell and the conditional scalar 
dissipation value, a domain averaged conditional scalar dissipation rate, , 
gis,, 
 can 
be calculated at each time step. This transient history of , 
IJ,,,, is then used to 
compute unsteady flamelets in FlameMaster (Pitsch et al. 1998c). The 
calculations of unsteady flamelet equations also require initial conditions, which 
are taken from the steady solution. For NO calculations, all the species involved 
with nitrogen chemistry except N2 were initially set to zero. Finally the turbulent 
mean values of scalars are calculated employing equation 3.80. 
Chapter 3. Mathematical Models 49 
Figure 3.4: Post-processing style EPFM analysis 
3.7 Numerical implementation 
There are several numerical methods available to solve partial differential 
equations for flow, heat transfer and combustion (Hossain 1999, Versteeg and 
Malalasekera 1995, Kuo 1986, Poinsot and Veynante 2001). The Finite Volume 
technique is very popular and used by FLUENT. The discretisation scheme used 
in the current study is a second order hybrid scheme. Hossain (1999) has 
compared the predictions of reacting flow by hybrid scheme with other higher 
order schemes like power law and total variation diminishing (TVD) scheme and 
reported that all the schemes provide identical results if grid is fine enough. The 
equation of continuity, momentum and the coupled scalar variables are solved 
using the SIMPLE algorithm (Versteeg and Malalasekera 1995, Patankar 1980). 
Detailed discussion of numerical methods can be found in above references and 
in FLUENT's documentation. 
CFD Calculations Post-processing EPFM 
CHAPTER 4 
Steady Flamelet Library 
The steady laminar flamelet model requires a set of flamelets also known as a 
flamelet library to simulate the nonpremixed combustion problems. The 
flamelets can be obtained either by experiments or by numerical calculations. 
Generally numerical calculations are used as they provide more details. The 
mathematical formulations for generating flamelet library are discussed in 
section 3.5. In the present study the FlameMaster code (Pitsch et al. 1998c) is 
used to generate steady flamelet library for a range of different fuels employing 
different detailed chemical mechanisms. 
4.1 Flamelet library for a CO/H2/N2 flame 
The steady flamelet library is generated employing Drake's chemistry (Drake 
and Blint 1989), which includes 22 species and 67 reactions. Table 4.1 shows the 
boundary conditions used to calculate flamelets. Flamelets are generated 
assuming unity Lewis number for all the species. Flamelets are calculated for 
scalar dissipation rate values of 0.0051955,0.051907,0.51891,5.1502,25.389, 
50.324,480.97,1389.7 and 1722.9 s'1. The last value corresponds to extinction 
limit. The radiation heat loss was neglected. Flamelet profiles are shown in 
Figure 4.1 to 4.6. The effect of straining of the flamelets is visible from these 
figures. The influence of the scalar dissipation rate on temperature is relatively 
high. The peak temperature falls from 2243.5 K at Xs, = 0.0051955 s"1 to 1261.0 
K at Z,, = 1722.9 s'1. While H2 and CO mass fractions show very little 
dependence on scalar dissipation rate. The H2O mass fraction profiles are 
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moderately influenced by the scalar dissipation rate. The CO2 mass fraction is 
significantly influenced by the scalar dissipation rate. The peak CO2 reduces 
50% at extinction compared to equilibrium. With the increase of scalar 
dissipation rate, the OH level first increases and then starts to decrease as the 
scalar dissipation rate approaches the extinction limit. 
Table 4.1: Boundary conditions used to generate flamelets for a 
CO/H2/N2 jet flame. 
Stream Xco XH2 X02 XN2 Temp. [K] 
Fuel 
Air 
0.4 
0.0 
0.3 
0.0 
0.0 
0.21 
0.3 
0.79 
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CO/H2/N2 fuel. 
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Figure 4.5: Steady laminar flamelet profiles of H20 mass fraction for 
CO/H2/N2 fuel. 
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Figure 4.6: Steady laminar flamelet profiles of OH mass fraction for 
CO/H2/N2 fuel. 
4.2 Flamelet library for a hydrogen flame 
The steady flamelets for pure hydrogen flame are generated using a mechanism 
which contains 13 species and 37 reactions including detailed NO chemistry. 
The flamelets have been generated assuming unity Lewis number for all the 
species. The radiation heat loss was not accounted. The boundary conditions 
used to obtain flamelets are described in Table 4.2. Flamelets are generated for 
the scalar dissipation rate values of 0.000001,0.00001,0.0001,0.001,0.01,0.1, 
1.0,5.0,10.0,50.0,70.0,100.0,140.0, and 159.498 s"I. The first value is very 
close to equilibrium and last value is close to extinction. The flamelet profiles for 
temperature and different scalars are shown in Figures 4.7 - 4.10. Temperature 
profiles show significant influence of straining as peak temperature at extinction 
limit is 1293.8 K compared to 2391.6 K at near equilibrium condition. The H2 
and H2O profiles do not show considerable change with scalar dissipation rate. 
However the peak of H2O profiles slightly shift toward fuel rich region with 
increasing scalar dissipation rate. The OH profile first increases with scalar 
0 
10,3 
lU 
' 
Xst tg 1 
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dissipation rate and then decreases as scalar dissipation rate approaches the 
extinction limit. 
Table 4.2: Boundary conditions used to generate flamelets for a 
hydrogen jet flame. 
Stream XHZ X0, XN2 Temp. [K] 
Fuel 
Air 
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Figure 4.10: Steady laminar flamelet profiles of OH mass fraction for 
hydrogen fuel. 
4.3 Flamelet library for the CH4/H2 flames 
There are two flamelet libraries generated for CH4/H2 fuel. First set is generated 
for a bluff-body flame and second set is generated for a swirling flame. The fuel 
composition of methane and hydrogen is same 50: 50 by volume in both the cases 
but fuel side and air side temperatures are slightly different. Both set of flamelets 
are generated using GRI Mech 2.11 (Bowman et al. ), which contains 49 species 
and 277 reactions. 
4.3.1 Flamelet library for a bluff-body flame 
The boundary conditions used to obtain flamelets are shown in Table 4.3. 
Flamelets are calculated for scalar dissipation rate values of 1x10-s, 0.0001, 
0.001,0.01,0.1,1.0,10.0,20.0,30.0,50.0,52.5 and 54.375 s'1. The last value 
corresponds to extinction limit. The radiation heat loss was neglected. Flamelet 
profiles are plotted in Figure 4.11 to 4.17. The effect of straining of the flamelets 
can be seen from these figures. The peak temperature falls from 2265.1 K at 
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xs, =1 x 10-5 s"1 to 1764.8 K at Xs, = 54.375 s"1. While CH4, H2 and H20 mass 
fractions show very little dependence on scalar dissipation rate, the peak of CO 
mass fraction profiles decreases with increasing scalar dissipation rate and stays 
almost constant after xs, =1.0 s"t. The peak of CO profiles is shifted into fuel 
rich side. The CO2 mass fraction is significantly influenced by the scalar 
dissipation rate. The peak CO2 reduces less than 50% at extinction compared to 
equilibrium. With the increase of scalar dissipation rate, the OH level first 
increases and then starts to decrease as the scalar dissipation rate approaches the 
extinction limit. 
Table 4.3: Boundary conditions used to generate flamelets for a CH4/H2 
bluff-body flame. 
Stream XCH, XH= X0 XN2 Temp. [K] 
Fuel 
Air 
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Figure 4.11: Steady laminar flamelet profiles of temperature for a 
CH4/H2 bluff-body flame. 
o2 101 10 -- 10 
xst (s 
1) 
Chapter 4. Steady Flamelet Library 59 
--dull 11111' 11 
-_iI 
01 
1II Iý11 
UI 
ý 
I 
- I, IIIIN 11111 
, 
_ 1 I 
_ 
ß, I11111 III IN 
IIIII'i II IIII 
I' 
ýý 
` I 
`ý. I\` 
1 
, 
--ý 
II 
IIIII 11111 \ 
I1 
dul I` 
'lldd 
II 
0.8 
111111 
'+IIrI +III 
' 
I I- .I 
.ý Tý 
,I 
X1111111 i . 
ý, IIIII III 
1 
ý} 
0.6 1 
:: - 
11 1111 
111111 111 
1 
. 
1 ý1 
1111111 11j11`I I 
I` 
111111 I IIIII I 
I 
ýV 
4 0 
, 11111 1411451_ , 111 
ýý, I»I 1111111 IIN ý 
I 
. ,,, 1111 11111 , 1ý1111 II 11111 , IIIIýI ' I u Ilal : 'IfIrSi , I I - u III , 111111 0 2 _ I 
ýI; ImI I, III , Inn I, III .I . I u51 I IIIIýI ,,, lu ýw .. 
1111111 1 111111 lüILV. 
t ` 
ü1 luu 
1' I 
0 
Ij, 1l, , 
ä= 
_ 
\ 
` ~ ý 
0.8 
' 
"` 
J o"* 
i 
ýr 
101 
0.6 10° 10, 
0.4 ý^ s 10 4 2 0 -4 10 . 5 10 
$ 10 0 10 
ýgý) Xst 
Figure 4.12: Steady laminar flamelet profiles of CH4 mass fraction for a 
CH4/H2 bluff-body flame. 
_ I, 
ANI 
IIN 
III IIý1 
\ 
-I ý, IIIII i 
- 11111 
ý; 
` 
1 "l 
- IIIII 
II ` 
0.1 2 
_ 
--VIII 
111 I 
`\, 
0.1 
1 
ýý, 
11111 
f"JI- 
,I 11,1'1 
`L 
ý 
I` 
11,11111 11111 
I, 1,111 rj{11f1 
I-`! 
p 0.0U 
f1i 
lMll' X1,1111 
Illlt , 111111 
ý 
/, 
1,111_ rl1, 
m' 
I 
c 0.06 1 
rnlml 1111 , 11111 
, 11111 11111X1 
'r 
I ýIIIA1-I 
. Ilitl 11111.1 
i r. 
, 
`, 
04 0 
I. 1. , 1111 , 111.1 ,, II 
' 
11 ý . 
1111 
" 
1-I' 1 
" 
II, 1 
I "' 
III 
ý ;I IIltl '- 
I 
n I 
0 02 
I I h l ý '1I 
-Il, 
l 
ii 
ýý, pll, 
ýIlpn 
Intl 
I, 11 IIII ý I'' ý . 'I ` 
I VII II 
1 Iu1l4týý1 
"ý I 
' 
\ 
!` " nn 
j1I 
Z 
' 10 0.6 10° 
10 
0.4 10 10 ýi 
-4 0 2 10 . s 10 
s 10 0 10 (s1) rst 
Figure 4.13: Steady laminar flamelet profiles of H2 mass fraction for a 
CH4/H2 bluff-body flame. 
Chapter 4. Steady Flamelet Library 60 
0.2 
0.15 
0.1 
0.05 
0 
1 
_-1 
11111 
_- 
-i IIIA1 1 11111 
1j 1101 1 111111 
\I 
1ýil 11 Yl 
i IÄ 
-1 I11111ý 
' 1 
IIIII Illgl 1 IIII 
IN 
II1101 IIN _ 
'I-11111Y' 
ß 
I1111ý 111111) 
- 111111' 11111 11111 1111 
} AIWd, IIA1 1111111 
r, 
X11111" IIIIIN 
ý 
1J11M 1 
111 ýIlllt 
1111111 IIII VIII 
tN 
1111'Y 
I 4. l0 11 111111 1 111111 IIIIN 
+ 
VIII ýý1 
; NIý"F 111111 
1 111101 
11 
IIIA 11 1 
_ 
X 111111 
X1111/1 
LINZ I IIIIIIY Iillll 
1111111 I NPN' IIUIN I Ii 
''' 
' 
11 
I 11111111 111110' 
' 
X111 
N 
II1III 
II I 
ýý 
IIINU Illu 1 
ý'NI-I- 
1' 
11 111111 1 1111101 1I 
1111'1 I 111110 
yl1 
41 
1111111 1111101 111111 11111111 
III II 
Y' 
111111X, fllllnll` ýIIý1, 
11111X1 t1. t 
Ill' 
Ij111111l 
II1- 
111111 111111 X111111 111111 IIIIIY 
11111 11111 
dl p 
II VIII 11111 IT, 
Ir 1 1111111 
I` n 111111 111110 T` 
11111111 j111pp X1111111 
IIIIý 
1 
X1111'1IIX'IIIIIN' -ý tI, 
1 111 
1 111110 
X11111 111111 1111111 1111 
tlN 
IIII'Y 
Ill1101 j 111110 1111111 
1r`1 
I1\ 
III II111 111111 
I 
VIIIN 1 , 
1IIII'1-i 1nlfl 111 Ildl 111110 1IIVIII 
1111tl1 X11 
dNl 111u ilu 
rlnml 
\ 1 
III 
VIII 
11IIIXXý 
111111 ýII -ý_- 
1uý 
! __ 
\ 11 
111111 1 11 
I 
X111111 1 III 
IN 
1 
11111P 
I1111PI 
1 111111 'III 
III 
X 1111111 1111111 Ill 
lid' 'I II111 111111M 
111111 111111 IIi 1111 ýI 111110 
1 
1111'0 
1111111 I MINN ýIilln =ý 
111 t111i" 
` 
1 X 1 
1111111 1111111-1111 
IINI 111111 
11111111 
1111' 111101 111 111 11111A 11110 
1' 
1 
X1111111 
1 
11 Ildl '. ý 1 1 1 I1 
III IIYI 
II 
1 
I 111111 1111111 j11I1 111110 
1111110 j111111 III 
IIY' 11' 
IN 
1111110 11111X1 Ill 1101 
IIWI 111111 _ ` 
1111111 _ 
ý ýas 
o. s 
o. s\ 
r 
0.4 
; vom 
0.2 
0 10ý 
100 101 
10ý 
3 le 
10 
10 s 104 
10 
Zag (s 
d) 
Figure 4.14: Steady laminar flamelet profiles of H2O mass fraction for a 
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Figure 4.15: Steady laminar flamelet profiles of CO mass fraction for a 
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Figure 4.16: Steady laminar flamelet profiles of CO2 mass fraction for a 
CH4/H2 bluff-body flame. 
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Figure 4.17: Steady laminar flamelet profiles of OH mass fraction for a 
CH4/H2 bluff-body flame. 
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4.3.2 Flamelet library for a swirling flame 
The boundary conditions employed to calculate flamelets are shown in Table 4.4. 
Flamelets are generated for scalar dissipation rate values of 0.00001,0.00002, 
0.00005,0.0001,0.0002,0.0005,0.001,0.002,0.005,0.01,0.02,0.05,0.1,0.2, 
0.5,1.0,2.0,5.0,10.0,20.0,30.0,40.0,50.0,52.0,53.8498 s"t. The last value 
corresponds to the extinction limit. The radiation heat loss was neglected. 
Flamelet profiles are plotted in Figure 4.18 to 4.24. The temperature and scalar 
profiles follow similar behaviour as discussed in the previous section. As large 
numbers of flamelets are generated here the scalar profiles are relatively smooth 
and peaks are well resolved. 
Table 4.4: Boundary conditions used to generate flamelets for a CH4/H2 
swirling flame. 
Stream XCH, XH, Xo= XN2 Temp. [K] 
Fuel 
Air 
0.5 
0.0 
0.5 
0.0 
0.0 
0.21 
0.0 
0.79 
293 
293 
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Figure 4.18: Steady laminar flamelet profiles of temperature for a 
CH4/H2 swirling flame. 
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Figure 4.22: Steady laminar flamelet profiles of CO mass fraction for a 
CH4/H2 swirling flame. 
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Figure 4.23: Steady laminar flamelet profiles of CO2 mass fraction for a 
C14/H2 swirling flame. 
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Figure 4.24: Steady laminar flamelet profiles of OH mass fraction for a 
CH4/I-i2 swirling flame. 
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4.4 Flamelet library for a H2/CO flame 
The steady flamelet library for H2/CO fuel is generated using Drake's 
mechanism (Drake and Blint 1989), which includes 22 species and 67 reactions 
with detailed NO chemistry. Table 4.5 shows the boundary conditions used to 
calculate flamelets. Flamelets are generated assuming unity Lewis number for all 
species. Flamelets are calculated for scalar dissipation rate values of 0.0001, 
0.01,1.0,10.0,50.0,100.0,500.0,1000.0,1500.0,1625.0,1749.51, and 1755.49 
s"1. The last value is close to extinction. The radiation heat loss was neglected. 
Flamelet profiles are plotted in Figure 4.25 to 4.30. The influence of straining of 
the flamelets is clearly visible from these figures. The effect of the scalar 
dissipation rate on temperature is relatively large. The peak temperature reduces 
from 2390.3 K at X,, = 0.000 1 s" to 1296.8 K at x =1755.49 s''. While H2 and 
CO mass fraction profiles show little sensitivity to scalar dissipation rate, the 
H2O mass fraction profiles are moderately influenced by the scalar dissipation 
rate. The peak CO2 reduces drastically at extinction compared to equilibrium 
condition. With the increase of scalar dissipation rate, the OH level first 
increases and then decreases as the scalar dissipation rate approaches the 
extinction limit. 
Table 4.5: Boundary conditions used to generate flamelets for a H2/CO 
bluff-body flame. 
Stream Xco XH, X02 XN2 Temp. [K] 
Fuel 
Air 
0.3333 
0.0 
0.6667 
0.0 
0.0 
0.21 
0.0 
0.79 
298 
298 
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Figure 4.30: Steady laminar flamelet profiles of OH mass fraction for a 
H2/CO bluff-body flame. 
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4.5 Flamelet library for a CH30H flame 
Flamelet library for CH3OH fuel is calculated using San Diego mechanism 
(Centre for Energy Research website), which includes 53 species and 228 
reactions. The boundary conditions used to obtain flamelets are presented in 
Table 4.6. Flamelets are calculated for scalar dissipation rate values of 1x105, 
0.0001,0.001,0.01,0.1,1.0,10.0,50.0,100.0,200.0,267.49, and 273.33 s"1 . 
The last value corresponds to the extinction limit. The radiation heat loss was not 
included. Flamelet profiles are plotted in Figure 4.31 to 4.37. The maximum 
temperature falls from 2233.3 K at ', =1 x 
10's s"1 to 1750.0 K at 
Z,, = 273.33 s-'. The CH3OH mass fraction profiles show less sensitivity to 
changes in scalar dissipation rate. The peak of CO mass fraction profile 
decreases with increasing scalar dissipation. The peak of CO profiles is shifted 
into fuel rich region. Very similar trend can be seen for 112 mass fraction profiles. 
The CO2 mass fraction profiles show considerable influence of scalar dissipation 
rate as maximum CO2 value falls approximately to less than 50% at the 
extinction limit compared to equilibrium condition. The H2O mass fraction 
profiles are almost insensitive to scalar dissipation rate changes. The maximum 
OH level first increases with scalar dissipation rate and then decreases as scalar 
dissipation rate approaches the extinction limit. 
Table 4.6: Boundary conditions used to generate flamelets for a CH3OH 
bluff-body flame. 
Stream XCH30H X02 XN2 Temp. [K] 
Fuel 
Air 
1.0 
0.0 
0.0 
0.21 
0.0 
0.79 
373 
300 
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CH3OH bluff-body flame. 
0 10-8 10 
5 10 
ig') xst 
CHAPTER 55 
Modelling of Jet Flames 
In order to assess the predictive capabilities of the Lagrangian Flamelet Model, 
two standard attached jet flames are simulated. The first flame uses CO/H2/N2 
fuel (Barlow et al. 2000) while the second uses pure hydrogen (Barlow and 
Carter 1996,1994). The fuel combination of carbon monoxide and hydrogen 
allows for the study of interactions of turbulent mixing and chemical reactions 
over a range of chemical time scales, including those associated with binary 
reactions of the hydrogen-oxygen system, the oxidation of CO,, the decay of OH 
through three-body recombination reactions, and the thermal formation of nitric 
oxide. The selected flames do not show localised extinction or lift-off. Therefore 
they are suitable for flamelet modelling. 
For both the flames, first a brief description of experimental setup is given, 
followed by a discussion of computational methods. After that numerical results 
are discussed and validated against experimental data. The results of present 
predictions include flow field and scalar predictions including NO. The 
predictions of steady/unsteady flamelet model are compared to show the 
importance of transient effects. Finally a summary is presented. 
5.1 Simulation of a CO/H2/N2 jet flame 
5.1.1 Experimental setup 
Experiments have been performed by Barlow et al. (2000) on two jet flames with 
different nozzle diameters (4.58 mm and 7.72 mm) but equal Reynolds number 
(-16,700) based on cold jet exit conditions. The fuel jet velocity is 76.0 m/s and 
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45.0 m/s for flame A and flame B respectively. The fuel composition for both 
flames was 40% CO, 30% H2 and 30% N2 by volume, and the stoichiometric 
mixture fraction s, was 
0.295. The species mole fractions in the fuel and air 
stream shown in Table 5.1 are calculated from the elemental mass fractions 
specified by experiments. Nozzle dimensions and bulk jet velocities are listed in 
Table 5.2. In the current study only flame B is simulated as it has a slower 
velocity and therefore higher residence time and hence unsteady effects are more 
prominent. The nozzles were made from straight tubing with squared-off ends. 
The relatively thick wall of annular tube creates a small recirculation zone that 
helps to stabilise the flames without a pilot. These CO/H2/N2 jet flames retained 
the simple unconfined flow geometry of hydrogen jet flames, while adding a 
modest complexity in chemical kinetics. Both flames appeared to be fully 
attached to the nozzle and there were no extinguished zone near the nozzle. 
A combination of spontaneous Raman scattering and Rayleigh scattering was 
used to measure the major species concentrations (N2, H2, O2, CO, C02, H2O) 
and temperature. Linear Laser Induced Fluorescence (LIF) was used to measure 
the concentrations of OH and NO. Three-component laser-Doppler velocimetry 
(LDV) measurements were undertaken at ETH Zurich, Switzerland. 
Table 5.1: Mole fractions at inlet boundaries for the CO/H2/N2 jet 
flames 
Stream Xco XH2 X02 XH2o XN2 Temp. [K] 
Fuel 0.4 0.3 0.0 0.0 0.3 292 
Coflow 0.0 0.0 0.206 0.011 0.783 290 
Table 5.2: Nozzle dimensions and flow conditions for the CO/H2/N2 jet 
flames 
Flame Nozzle I. D., Nozzle O. D. Jet Velo., Ujet Rejet = Ujetd/v 
d (m) (m) (m/s) 
A 0.00458 0.00634 76 - 16,700 
B 0.00772 0.00946 45 - 16,700 
5.1.2 Previous predictions 
Alim (2004) studied the radiation characteristics of Flame A using a method 
known as `enthalpy defect' (Hossain et al. 2001, Marracino and Lentini 1997). 
He used a nonadiabatic flamelet library containing flamelets for different 
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enthalpy difference. Alim (2004) reported a slight improvement in prediction of 
peak temperature when radiation effects were considered. Kim et al. (2001) 
modelled both the flames A and B using steady/unsteady flamelets. They 
employed an unstructured grid to discretise the domain. They have compared the 
performance of steady flamelets with/without radiation and unsteady flamelets 
with/without radiation and showed that steady flamelets can model NO and 
radiation reasonably well with an ad-hoc procedure (accounting radiation 
through `enthalpy defect' method) while the unsteady flamelet model can predict 
NO and radiation correctly without any special treatment. In case of flame B, 
their numerical results agree well with experiments. However the peak of NO 
was shifted close to burner in their centre line predictions and therefore radial 
profiles close to burner showed overprediction of NO (especially at x/D = 20). In 
the present study the location of the NO peak is predicted well and therefore 
radial profiles show good agreement with experiments. 
5.1.3 Computational details 
An axisymmetric grid as shown in Figure 5.1 is used. The computational domain 
is divided into (208x134) quadrilateral cells. The grid is refined close to the 
burner tube to resolve the small recirculation region and the shear layer. The 
coflow air is assumed to have a uniform flow with a velocity of 0.75 m/s and the 
turbulence intensity of 10%. The inlet profiles of axial velocity and turbulent 
kinetic energy of the fuel jet are taken from the LDV measurements (Barlow et 
al. 2000). The turbulent dissipation rate at inlet is calculated from the 
relationship E= C314k3/2 /1T , where the turbulent characteristic 
length scale, IT is 
taken as 7% of the characteristic dimension of the flow passage. The boundary 
conditions used are shown in Figures 5.2 to 5.4. First a converged steady laminar 
flamelet solution is obtained using the k-c model. The dissipation rate equation is 
modified (C61 =1.6 instead of C61=1.44) to get correct spreading rate 
predictions (Hossain 1999). The steady flamelets for CO/H2/N2 fuel as discussed 
in chapter 4 are employed to prepare a PDF integrated look-up table, which is 
then used to perform the steady flamelet simulation. After obtaining a converged 
SLFM simulation, the distribution of mean mixture fraction ý (Figure 5.5), 
mean mixture fraction variance 4"2 (Figure 5.6), mean scalar dissipation rate z 
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(Figure 5.7), density p (Figure 5.8) and axial velocity ü (Figure 5.9) are used 
to perform post-processing style Lagrangian Flamelet Model calculations. The 
exact procedure is shown in Figure 3.3. 
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Figure 5.6: Contour plot of the mean mixture fraction variance 
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5.1.4 Results and discussion 
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Figure 5.10 shows the locus of maximum temperature obtained with steady and 
unsteady flamelets with and without considering radiation heat loss. Flamelets 
are generated using the domain averaged scalar dissipation rate which is 
calculated using equation 3.74 and plotted in Figure 5.10. The unsteady flamelet 
has been calculated as a function of the flamelet time (equation 3.72). It is clear 
that when radiation is neglected both steady/unsteady flamelets provided the 
same temperatures. But when the radiation heat loss is accounted through the 
optically thin limit approximation (using equation 3.76), steady flamelets predict 
unrealistically low temperatures at downstream, while unsteady flamelets show 
reasonable temperature predictions. Maximum experimental conditional 
temperature at different axial positions is also plotted, which confirms that the 
trend followed by transient flamelets is more realistic. However the selected 
radiation model overpredicts radiation heat loss and therefore predicted 
temperatures are slightly lower than experiments. 
10 20 30 40 50 60 70 
x/D 
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There is no significant difference in the maximum temperature when 
radiation is not considered. This can be explained as: in the flamelet equations, 
the scalar dissipation rate fits as a diffusion coefficient in the mixture fraction 
space.. A characteristic diffusion time tX that is required to transport mass and 
energy over a distance L4 in the mixture fraction space may be described as 
equation 3.73. The diffusion time tX is compared to the flamelet residence time t 
in Figure 5.11, showing that in the beginning the diffusion time is short due to 
high scalar dissipation rate and the flamelet is capable to follow changes in the 
scalar dissipation rate quickly. After 22 ms, the characteristic diffusion time is 
longer than the flamelet residence time and increases quickly thereafter. But at 
this time the flamelet is already near to the equilibrium, and changes of the 
flamelet structure due to changes of the scalar dissipation rate are minor. 
The same methodology can be used to explain the radiation effects. In 
turbulent jet flames close to the nozzle, velocity is high and residence time is 
short therefore radiation is less important but further downstream axial velocity 
decreases and residence time increases making radiation effects more important. 
The characteristic radiation time for decreasing the maximum flamelet 
temperature by 50 K (AT= 50 K in equation 3.77) is compared to the flamelet 
residence time in Figure 5.11. The characteristic radiation time remains constant 
at about tRad =4 ms after a short time. This suggests that radiation is not 
important at least during the first 4 ms. Thereafter, radiation affects the flamelet, 
but still, the radiation time and the flamelet residence time stay in the same order 
of magnitude, which indicates that radiative effects are transient. 
Conditional experimental data of temperature, major species and intermediate 
species OH at different radial positions are compared with corresponding 
steady/unsteady flamelet in Figures 5.12 - 5.19. Temperature is slightly 
overpredicted by steady flamelet and slightly underpredicted by unsteady 
flamelet. This is because steady calculations have neglected radiation and 
unsteady calculations have slightly overpredicted radiation heat loss. The 
predictions of major species (CO, C02, H2 and H2O) by both the models are 
almost identical and show good agreement with experiments. Prediction of OH is 
similar by both the models close to the nozzle but further downstream unsteady 
results show better agreement with experiments compared to steady results. 
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Figure 5.20 shows the comparison of predicted mean axial velocity and its 
rms at centre line with experiments. Slight underprediction can be seen in case of 
rms while mean velocity is predicted accurately. The mean mixture fraction, its 
rms and N2 mole fraction are predicted well as shown in Figure 5.21. The 
performance of steady/unsteady models is compared for temperature, major 
species and minor species in subsequent figures. Unsteady flamelets have 
considered radiation and therefore successfully predict peak temperature while 
the steady approach, which neglects radiation heat loss overpredict the peak 
temperature by 80 - 90 K (Figure 5.22). Temperature rms is also predicted well 
by both the models except at downstream where the unsteady model shows good 
agreement due to radiation considerations (Figure 5.22). Predictions of major 
species H,, CO, H2O, CO", 02 (Figure 5.23) are almost identical by both the 
models and in excellent agreement with experiments. But the difference between 
two models becomes apparent when NO predictions are compared as shown in 
Figure 5.24. Unsteady flamelet results are in reasonable agreement with 
experiments while steady flamelet largely overpredict the NO level. The 
predictions of intermediate species OH are compared in Figure 5.25. Unsteady 
results agree well with experiments while steady results show slight 
overprediction. 
Radial profiles are compared for two locations x/D = 20 and x/D = 40 and 
results are plotted in Figure 5.26 to 5.37. Predicted axial velocity in Figure 5.26 
and 5.27 shows good agreement at both locations but its rms shows considerable 
underprediction that is mainly due to the limitation of the k-s turbulence model, 
which assumes isotropic turbulence. The mixture fraction, its rms and N2 mole 
fraction are predicted well at both locations (Figure 5.28,5.29). The effect of 
radiation is negligible at x/D = 20 and therefore temperature and its rms are 
predicted correctly by both steady and unsteady model (Figure 5.30) but at x/D = 
40, radiation effect is pronounced and therefore unsteady results show slightly 
better agreement (Figure 5.31). The major species H2, CO, H2O, C02, and 02 are 
predicted identically by both models at both locations and show good agreement 
with experiments (Figure 5.32,5.33). But unsteady flamelet results are clearly 
superior to steady flamelet results when predictions of NO mass fractions are 
compared in Figure 5.34 and 5.35. Unsteady results show good agreement with 
NO experimental data while steady results show large overprediction. The 
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predictions of hydroxyl radical are compared in Figure 5.36 and 5.37. Unsteady 
results are slightly better than steady results. This is mainly due to the radiation 
effects as OH was initialised from steady state value and hence transient effects 
have not much influenced the results. At x/D = 20 the peak OH value is 
overpredicted and also the peak is shifted to lean side (Figure 5.36) but 
reasonable agreement with experiments can be seen at x/D = 40 (Figure 5.37). 
5.1.5 Summary 
Here a standard, attached jet flame using CO/H2/N2 fuel has been simulated 
employing steady and unsteady laminar flamelet models. Both the steady and 
unsteady flamelet models have successfully captured the important flame 
properties. The modified k-E model has accurately predicted the mixture fraction, 
its rms and axial velocity. It has been shown that the selected flame is sensitive 
to radiation heat loss and the radiation effects are time dependent and can only be 
accounted in unsteady flamelet calculations. Therefore unsteady flamelet model 
has predicted the peak temperature, temperature rms and OH mass fraction 
accurately. The major species have been predicted well by both the 
steady/unsteady flamelet models and hence not sensitive to transient effects. 
However slow processes like formation of NO can only be captured if transient 
effects are included. The steady flamelet results have largely overpredicted the 
NO levels while unsteady flamelet results have shown reasonable agreement 
with experiments. 
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Figure 5.31: Predictions of temperature and its rms at x/D = 40 (solid 
line denotes unsteady flamelet results, dash line denotes steady 
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Figure 5.35: Predictions of NO mole fractions (ppm) at x/D = 40 (solid 
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5.2 Simulation of a hydrogen jet flame 
5.2.1 Experimental methods 
The experiments performed by Barlow and Carter (1996,1994) on three 
hydrogen jet flames with varying levels of helium dilution are considered here. 
These flames are designated as Flame A, undiluted hydrogen; Flame B, 20% 
helium in hydrogen; and Flame C, 40% helium in hydrogen. Only Flame A is 
modelled in the current study. For all cases the nozzle was a straight tube (inner 
diameter 3.75 mm and outer diameter 4.84 mm). The coflow air velocity was 1.0 
m/s for all flames. Additional flame parameters are given in Table 5.3. Barlow 
and Carter (1994,1996) have shown that these flames display effects of finite 
rate chemistry, including temperature depression and OH radical super 
equilibrium, particularly near the nozzle. However, the flames are still far from 
extinction, as they are fully attached to the nozzle, and there is no evidence of 
local extinction in the data. 
The burner for the turbulent jet flames was centred at the exit of a vertical 
wind tunnel. Concentrations of the major species (N2,02, H2 and H2O) were 
measured by spontaneous Raman Scattering (Barlow and Carter 1994,1996). 
The Rayleigh scattering signal was converted to temperature using a species 
weighted scattering cross section, based on the Raman measurements. 
Fluorescence of OH and NO was measured using two separate Nd: YAG-pumped 
dye laser systems. The spatial resolution of all measurements was approximately 
0.75 mm in each direction. Quantitative OH and NO concentrations were 
obtained by correcting the fluorescence signals on a shot-to-shot basis for 
variations in the Boltzmann fraction and the collisional quenching rate, which 
were determined from the measured temperature and species concentrations. 
Detailed discussion of experimental uncertainties in the Raman/Rayleigh/LIF 
measurements can be found in Barlow and Carter (1994). Measurement 
uncertainties include contributions from photon shot noise, instrument noise, 
shot-to-shot variations in laser characteristics, and fluctuations in the flame 
conditions. In addition to these statistical uncertainties, there are some sources of 
systematic error. The Raman measurements are subject to systematic errors of up 
to 5%. The fluorescence measurements are subject to errors due to wavelength 
drift away from line centre. The estimated maximum resulting errors are 5% for 
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OH and 10% for NO. The sensitivity of the NO system was sufficient to obtain 
useful measurements of NO concentrations below 10 ppm (Barlow and Carter 
1994). 
Table 5.3: Flame conditions and characteristics 
Flame designation A B C 
Helium dilution (by volume) 0% 20% 40% 
Jet velocity (m/s) 296 294 256 
Jet Reynolds number (approx. ) 10000 9800 8300 
Coflow velocity (m/s) 1.0 1.0 1.0 
Visible flame length (L, / D), -180 --150 -100 
(L, = 0.675 m) 
Stoichiometric mixture fraction 0.028 0.042 0.064 
5.2.2 Previous predictions 
Barlow et al. (1999) have modelled all three hydrogen flames using the 
Probability Density Function (PDF) transport method and the Conditional 
Moment Closure (CMC) method. They have kept other submodels (turbulence 
model, radiation model, reduced chemistry and boundary conditions) unchanged 
to assess the performance of each combustion model's ability to simulate 
turbulence-chemistry interactions. Barlow et al. (1999) noted that optically thin 
radiation assumption is appropriate for these hydrogen flames. They showed that 
both combustion models provide good predictions for temperature and H2O. The 
PDF model predicted lower levels of NO compared to the CMC model. This 
difference was associated with lower 0 atom concentrations predicted by the 
PDF transport method. Both PDF and CMC underpredicted the NO formation in 
the lower portion of the jet flames. This discrepancy was attributed to the effects 
of differential diffusion, which were not included in the models. 
5.2.3 Computational details 
Figure 5.38 shows a schematic diagram of the computational domain used in the 
present study. The domain is extended in the upstream direction to obtain fully 
developed flow at the burner exit. This arrangement has helped to use the bulk 
velocity (as mentioned in Table 5.3) at extended inlet instead of specifying a 
velocity profile at the burner exit. An axisymmetric grid as shown in Figure 5.39 
is used. The computational domain is divided into (420 x 172) quadrilateral cells. 
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Grid is refined close to the burner tube to resolve the small recirculation region 
and the shear layer. First, a converged steady laminar flamelet solution is 
obtained using the k-c model. The dissipation rate equation is modified 
(Cs1 = 1.6 instead of CE, =1.44) to obtain correct spreading rate predictions 
(Hossain 1999). The steady flamelets for hydrogen fuel as discussed in chapter 4 
are employed to prepare a PDF integrated look-up table, which is then used to 
perform the steady flamelet simulation. After a converged SLFM simulation, 
mean mixture fraction e (Figure 5.40), mean mixture fraction variance ßn2 
(Figure 5.41), mean scalar dissipation rate ; (Figure 5.42), density p (Figure 
5.43) and axial velocity ü (Figure 5.44) are used to perform post-processing 
style Lagrangian Flamelet Model calculations. Detailed procedure is discussed in 
section 3.6.1 and graphically shown in Figure 3.3. 
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Figure 5.38: Schematic diagram of the computational domain 
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Figure 5.39: Axisymmetric grid used for the simulation (zoomed view 
close to the burner tube) 
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5.2.4 Present predictions 
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The maximum temperatures in case of steady and unsteady flamelets with and 
without radiation are plotted in Figure 5.45. Flamelets are calculated using the 
domain averaged scalar dissipation rate calculated by equation 3.74 and plotted 
in Figure 5.45. The flamelet lifetime t (equation 3.72) is used to calculate 
transient flamelets. It can be seen that when radiation is neglected both 
steady/unsteady flamelets provided almost similar maximum temperatures. But 
when radiation heat loss is accounted through optically thin limit approximation 
(using equation 3.76), steady flamelets predict unrealistically low temperature at 
downstream while unsteady flamelets show reasonable temperature predictions. 
Maximum experimental conditional temperature at different axial positions is 
also plotted, which confirms the trend followed by unsteady flamelets. 
Both steady/unsteady flamelets have predicted identical temperature when 
radiation effects were neglected. This can be explained by comparing different 
characteristic times. A characteristic diffusion time tX that is necessary to 
transport mass and energy over a distance A in mixture fraction space may be 
005 ü1J 15 J2 
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described by equation 3.73. The diffusion time tX is compared with the flamelet 
residence time t in Figure 5.46, showing that in the beginning the diffusion time 
is short due to high scalar dissipation rate and the flamelet is capable in 
following the changes in the scalar dissipation rate quickly. After 41 ms, the 
characteristic diffusion time is longer than the flamelet residence time and 
increases rapidly. But by that time flamelet is already near to the equilibrium and 
flamelet structure is not much influenced by scalar dissipation rate changes. 
Similar argument can be used to explain the radiation effects. The 
characteristic radiation time for decreasing the maximum flamelet temperature 
by 50 K (AT= 50 K in equation 3.77) is compared with the flamelet residence 
time in Figure 5.46. The characteristic radiation time remains constant about 
tl? u, r = 
7.5 ms after a short time. This indicates that radiation is not important at 
least during the first 7.5 ms. After that, radiation influences the flamelet, 
however the radiation time and the flamelet residence time are in the same order 
of magnitude, which highlights the unsteady nature of radiation effects. 
Conditional experimental data of temperature, major species (H2,02 and 
H2O) and minor species OH are compared with steady/unsteady flamelet 
prediction at different axial locations in Figures 5.47 - 5.66 (L,, stands for a 
visible flame length, which is 0.675 m). Near to the burner the predictions of 
temperature and OH mass fraction are almost the same by both steady/unsteady 
flamelet and follow experimental data closely but further away unsteady flamelet 
predictions show good agreement with experiments. This is mainly because 
unsteady calculations have considered radiation effects. The H2,02 and H2O 
flamelet profiles by both steady/unsteady are identical at all the axial position 
and show good agreement with experiments. This suggests that H2,02 and H2O 
are insensitive to radiation and transient effects. 
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Figure 5.48: Comparison of conditional experimental data with flamelet 
profiles for temperature at x/L, = 3/8, x, =0.135 s-. ' 
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Figure 5.51: Comparison of conditional experimental data with flamelet 
profiles for H2 mass fraction at x/L, = 1/8, x = 0.99 s-1. 
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Figure 5.53: Comparison of conditional experimental data with flamelet 
profiles for H2 mass fraction at x/L, = 5/8, x = 0.0476 s-1. 
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Figure 5.54: Comparison of conditional experimental data with flamelet 
profiles for H2 mass fraction at x/L, = 1, x, ' 
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Figure 5.55: Comparison of conditional experimental data with flamelet 
profiles for H2O mass fraction at x/L, = 1/8, X,, = 0.99 s-' . 
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Figure 5.56: Comparison of conditional experimental data with flamelet 
profiles for H2O mass fraction at x/L, = 3/8, x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Figure 5.57: Comparison of conditional experimental data with flamelet 
profiles for H2O mass fraction at x/L., = 5/8, x = 0.0476 s- I. 
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Figure 5.58: Comparison of conditional experimental data with flamelet 
profiles for H2O mass fraction at x/L, = 1, X 0 s"'. 
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Figure 5.59: Comparison of conditional experimental data with flamelet 
profiles for 02 mass fraction at x/L,, = 1/8, x,., = 0.99 s-1. 
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Figure 5.60: Comparison of conditional experimental data with flamelet 
profiles for 02 mass fraction at x/L, = 3/8, x,., = 0.135 s-1. 
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Figure 5.61: Comparison of conditional experimental data with flamelet 
profiles for 02 mass fraction at x/L. = 5/8, x = 0.0476 s-1. 
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Figure 5.62: Comparison of conditional experimental data with flamelet 
profiles for 02 mass fraction at x/L, = 1, x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Figure 5.63: Comparison of conditional experimental data with flamelet 
profiles for OH mass fraction at x/L,, = 1/8, x = 0.99 s-1. 
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Figure 5.65: Comparison of conditional experimental data with flamelet 
profiles for OH mass fraction at x/L,, = 5/8, x = 0.0476 s-I. 
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Figures 5.67 - 5.75 show comparison of numerical predictions with 
experiments along the centre line. The mixture fraction (Figure 5.67) and its rms 
(Figure 5.68) show good agreement. Performance of steady (SLFM) and 
unsteady (LFM) flamelet model is compared in next figures. The unsteady 
flamelet accurately predicted the peak temperature (Figure 5.69) while steady 
flamelet overpredicted it by about 78 K. The temperature rms predictions (Figure 
5.70) show some discrepancies but overall the unsteady results show slightly 
better agreement. The difference between steady and unsteady model become 
apparent when NO predictions (Figure 5.71) are compared with experiments. 
The steady model largely overpredicts NO mass fraction while the unsteady 
model shows reasonably good agreement with experiments. The OH mass 
fraction predicted by unsteady flamelet (Figure 5.72) shows slightly better 
agreement compared to steady flamelet. This is mainly because unsteady 
calculations have included radiation effects. The predictions of H2O (Figure 
5.73), H2 (Figure 5.74) and 02 (Figure 5.75) mass fraction are almost identical 
by both steady/unsteady model and show good agreement with experiments. 
However the predicted 02 mass fraction shows some discrepancies close to 
burner, where experimental data indicates oxygen entrainment. Barlow (2003) 
attributes this to experimental error caused by imperfect correction for the 
crosstalk of H2 rotational Raman scattering onto the 02 detector. 
Radial profiles are compared at four axial locations x/L, = 1/8, x/L,, = 3/8, 
x/L = 5/8 and x/L =1 (where L is visible flame length = 0.675 m). The results 
are plotted in Figure 5.76 to 5.86. Predicted axial velocity in Figure 5.76 shows 
good agreements at all locations but its rms (Figure 5.77) shows consistent 
underprediction, which is mainly down to the k-c turbulence model that assumes 
isotropic turbulence. The mixture fraction and its rms are predicted well at all 
locations (Figure 5.78,5.79). The predictions of temperature (Figure 5.80) and 
its rms (Figure 5.81) by both steady (without radiation) and unsteady (with 
radiation) flamelet models are very similar and show good agreement at all 
locations. This indicates that radial profiles are not very sensitive to radiation 
effects. Figure 5.82 show predictions of NO mass fraction. Significant difference 
between steady and unsteady model can be clearly seen. The steady model 
consistently overpredicts NO at all the positions. The unsteady model slightly 
underpredicts NO level at the first location but thereafter shows reasonable 
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agreement. The OH mass fraction is underpredicted by both the models at first 
and last location (Figure 5.83). Unsteady OH predictions show slightly better 
agreement at x/L" = 3/8 and at x/L = 5/8. In case of unsteady calculations, the 
OH mass fractions were initialised from steady flamelet and hence the transient 
effects have not played any significant role and the improvement in OH 
predictions is mainly due to the radiation effects. The predictions of major 
species H2O (Figure 5.84), H2 (Figure 5.85) and 02 (Figure 5.86) show no 
dependence on transient effects or radiation and therefore accurately predicted by 
both steady/unsteady model. 
5.2.5 Summary 
Here a hydrogen jet flame is modelled successfully using both steady/unsteady 
flamelet models. The modified k-c model has correctly predicted the flow field 
and mixing field. Due to high inlet velocity current flame has a very short 
residence time and therefore transient effects should not greatly influence the 
flame properties. However the peak value of temperature and OH mass fraction 
could only be predicted accurately when radiation effects are accounted through 
unsteady calculations. The fuel, oxidiser and major combustion products have 
been predicted accurately by both steady/unsteady flamelet models. But only 
unsteady flamelet model has shown reasonable success in predicting NO levels, 
which highlights the fact that NO formation process is strongly time dependent. 
Overall the unsteady approach incorporating the radiation heat loss appear to 
be more successful in predicting current flame properties such as temperature, its 
rms values and species distribution. It is noted that the steady approach does not 
provide good predictions of NO mass fraction, while the unsteady approach 
correctly reproduce experimentally observed NO levels. 
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Figure 5.68: Prediction of the mixture fraction rms at centre line. 
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Figure 5.74: Prediction of H2 mass fraction at centre line. 
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Figure 5.80: Predictions of temperature at different axial locations. 
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CHAPTER 6 
Modelling of Sydney Bluff-body 
Flames 
In this chapter predictions of bluff-body stabilised flames are discussed using 
steady and unsteady flamelet models. The flames considered here are the 
experiments conducted by Dally et al. (1998a). Three different flames have been 
modelled, HM1 (CH4/H2), HC1 (H2/CO) and ML1 (CH3OH). The unsteady 
effects are accounted in a post-processing manner through the Eulerian Particle 
Flamelet Model (EPFM). Turbulence is modelled using the Reynolds Stress 
Model (RSM). Performance of three detailed chemical mechanisms, the GRI 
Mech 2.11 (Bowman et al. ), the San Diego mechanism (Centre for Energy 
Research website) and the GRI Mech 3.0 (Smith et al. ) have been tested for the 
methane flame HM1. 
First a brief overview of experimental setup is given. All the flames 
considered have been investigated on the same experimental rig. Subsequently, 
each flame is discussed in a separate section. Each section includes a description 
of previous modelling attempts, numerical details used in the present study and 
validation of current predictions against experimental data. Finally results are 
summarised. 
6.1 Experimental configuration 
The experimental data used in the present study are from the Sydney bluff-body 
burner documented in Dally et at. (1998a). It has an outer diameter D= 50 mm 
with a concentric fuel jet diameter d=3.6 mm. The complete burner assembly 
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was housed in a square co-flow wind tunnel of cross-section 254 x 254 mm. 
Fuels ranging from simple H2/CO to complex CH4/H2 were investigated by Dally 
et al. (1998a) at various mean fuel inlet velocities. The single-point Raman- 
Rayleigh LIF (Laser Induced Fluorescence) technique was used to measure 
temperature, concentration of CO, C02, H2O, H2,02, N2, OH and NO. Later 
Dally et al. (2002) have reported improved CO measurements using two-photon 
laser-induced fluorescence (TPLIF). Three different flames are investigated in 
the present study: CH4/H2 (1: 1 by volume), H2/CO (2: 1 by volume) and CH3OH. 
A list of the flames studied in the present study and some relevant parameters are 
given in Table 6.1 (Dally et al. 1998a). 
The velocity data were collected by LDV (Laser Doppler Velocimetry) at the 
University of Sydney for HMIe case where fuel jet velocity was 108m/s and co- 
flow velocity was 35m/s. Flame HMIe is the equivalent flame to HM1. Wind 
tunnel at the Sydney University was unable to generate a uniform 40m/s co-flow 
(maximum 35m/s). Therefore jet velocity was accordingly reduced from 118m/s 
to 108m/s so that both HMI and HM 1e are at the same proportion from blow- 
off. 
Table 6.1: Flames investigated and relevant parameters 
Fuel Flame U, /UU Re1 % BO' Ti,, (K) 
sl 
Tad (K) 
CH4/1-12 (1: 1) HMI 118/40 15800 50 298 0.05 2265 
H2/CO (2: 1) HC1 134/40 17500 18 298 0.135 2400 
CH3OH ML1 80/40 23700 55 373 0.135 2260 
*BO stands for Blow off 
6.1.1 Measurements uncertainty 
In order to validate any numerical model against the experimental data it is very 
important to know the error involved with the measurements. Dally et al. (1998a) 
reported that the error associated with the bluff body flame were contributed 
from many factors such as shot noise, electronic noise, calibration error, error 
involved with optics, spatial resolution error, the fluorescence interference from 
soot precursors and other molecules and the interpolation of the Raman 
calibration factors. An estimate of the accuracy of the single-point measurements 
provided in Dally et al. (1998a) for two typical samples of a CH4/H2 flame are 
reproduced in the Table 6.2. The errors involved with fluorescence interference 
and spatial resolution effects were too difficult to quantify and therefore not 
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reported (Dally et at. 1998a). Raman scattering measurements of CO in methane 
flames suffer from laser-excited interference from higher hydrocarbons formed 
on the fuel-rich side of the reaction zone (Dally et al. 2002). Therefore Dally et 
at. (2002) have reported new measurements of CO for methane flames using 
two-photon laser-induced fluorescence technique. They compared new 
measurements with old data and showed that new measurements provide more 
accurate results in fuel rich region and also show good agreement with laminar 
flame calculations. Uncertainty in the averaged CO-LIF measurements was 
believed to be 10 to 20% (Dally et al. 2002). An estimate of spatial resolution 
error was given by Dally et at. (1998a). According to them, the maximum 
resolution error is 9% at x/D = 0.0 and r/R = 0.06. At all locations where r/R > 
0.25 the error is less than 4%. The maximum estimated error involved with the 
NO measurements was reported to be 10% (Dally et al. 1998a). 
Table 6.2: Sample estimates of error associated with measured species 
concentrations for two ty pical samp le compositions 
Sample Temperature [K] Species % Mass Fraction % Error 
Lean 1990 02 4.0 10.0 
N2 75.0 0.8 
CO2 8.0 
. 
4.5 
CO 2.0 9.0 
H2 0.5 12.5 
H2O 11.0 5.0 
OH 0.3 3.8 
Rich 1400 CH4 18.0 2.3 
N2 57.0 1.1 
CO2 5.5 5.5 
CO 5.5 8.3 
H2 2.5 4.0 
H2O 12.0 4.0 
6.2 Simulation of a CH4/H2 flame 
6.2.1 Previous predictions 
The HM1 flame has been the subject of a number of previous numerical studies. 
They include early studies of Dally et al. (1998b), Li at al. (2003), Yan et al. 
(2004), Hossain and Malalasekera (2003) and Hossain et al. (2001). The flow 
field calculations using the k-c model for turbulence closure with a modified 
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constant CE, (from 1.44 to 1.6) in the dissipation equation has shown to achieve 
reasonably good agreement for the flow and scalar field. Improved flow field 
predictions have been reported with the use of Explicit Algebraic Stress Models 
(EASM), modified k-c (Yan et al. 2004) and Reynolds Stress Models (Li at al. 
2003). Studies which have used simple chemistry (Dally et al. 1998b) and 
equilibrium chemistry (Li at al. 2003) have shown limited success in predicting 
overall flame properties. The use of laminar flamelet model (Yan et al. 2004, 
Hossain and Malalasekera 2003 and Hossain et al. 2001) has shown to give good 
predictions for major and minor species. In addition to major species predictions 
Hossain and Malalasekera (2003) have solved a separate transport equation for 
NO using a source term from steady flamelets to predict NO for this bluff-body 
flame. Only thermal NO was included in the chemical mechanism and the 
predicted results showed an under-prediction (with unity Lewis number 
assumption) compared to the experimental measurements. 
Kim and Huh (2002) have applied first order CMC model to the HMI flame 
and obtained good agreement for major species but minor species OH and NO 
were overpredicted. They have attributed discrepancies to the first order 
accuracy of the CMC model and uncertainties involved with the chemical 
mechanisms. Later Sreedhara and Huh (2005) have modelled the same flame 
using second order elliptic CMC model and showed slight improvement in the 
predictions of OH and NO. Both studies (Kim and Huh 2002 and Sreedhara and 
Huh 2005) have reported that the GRI Mech 3.0 overpredicts NO by a factor of 
two and noted that GRI Mech 2.11 provides better agreement. 
Muradoglu et at. (2003) have used the transported PDF model with a simple 
flamelet model to study the sensitivity of the calculations to boundary conditions 
and model constants. Their study was limited to predict flow characteristics and 
the mixing field. More comprehensive PDF simulation for this bluff-body flame 
using reduced chemistry has been reported by Liu et al. (2005) who used a 
reduced mechanism for chemistry derived from GRI Mech 2.11. Their results 
show good agreement near the burner but agreement further downstream was not 
very good for mixture fraction fluctuations, temperature and species. More 
recently Kuan and Lindstedt (2005) have used the transported PDF approach 
with a detailed chemistry mechanism, and the Reynolds stress model to model 
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HM1 and HMle flames. Their results show good agreement for major species, 
minor species (CO and OH) and NO. Slight over-predictions of NO have been 
attributed to adiabatic nature of the computation. The results presented also 
include species fluctuation predictions (rms) and conditional PDFs of 
temperature and species including NO. 
Recently Kempf et al. (2006) and Raman and Pitsch (2005) have reported 
Large Eddy Simulations (LES) for this burner configuration. Kempf et al. (2006) 
have reported LES results using a grid which was sufficient to resolve more than 
75% of total kinetic energy of the critical part of the flow field. The laminar 
flamelet model was used to obtain thermochemistry. The results showed 
reasonably good agreement for flow field data and subsequent temperature and 
major species predictions were also good. Raman and Pitsch (2005) also used 
LES and the laminar flamelet model for thermochemistry and reported very good 
agreement with data. However the study reports that good mixture fraction could 
only be achieved by tuning inlet boundary conditions. No prediction for NO,, has 
been attempted in either of the studies. It is worth noting that LES is a very 
expensive and time consuming technique and is yet to establish itself as an 
engineering tool. 
Most CFD based combustion calculations in the industry utilise RANS based 
methodology with post-processing techniques for NO. The present study falls 
into this category. In this work, the EPFM formulation in the RANS framework 
has been attempted to compare predictions for all major and minor species with 
experiments including NOX and it is demonstrated that the current strategy is a 
cost effective way of accurately predicting the flame properties including NOR. 
6.2.2 Simulation details 
Three different grid resolutions (coarse - 85x191, medium - 170x260 and fine - 
340 x 520) as shown in Figures 6.1 - 6.3 have been tested to model HM 1 flame. 
The comparison results of mixing field shown later suggest that the effect of grid 
refinement is negligible and therefore the medium grid is selected for further 
analysis. In this selected medium grid the main domain (excluding upstream 
extension) is discretised using 170 x 260 quadrilateral cells. Close to the bluff- 
body the grid has been adequately refined to resolve steep gradients in the 
recirculation zone. The domain is extended upstream to calculate the correct 
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velocity profile at the burner exit. The bulk velocities and 10 % turbulence 
intensity are specified as inlet boundary conditions of the extended domain. This 
approach eliminated the uncertainties involved in specifying velocity profiles 
and length scale at the burner exit and proved very successful as shown in the 
flow field comparisons later. Transport equations for velocities, scalars and 
turbulent quantities were discretised using the second order upwind scheme and 
the SIMPLE algorithm was used for pressure velocity coupling. Two different 
simulations were performed corresponding to the flow field and scalar 
measurements (TNF6 bluff-body flames archive). In the first simulation fuel jet 
velocity and co-flow velocity were set to 108 m/s and 35 m/s respectively. Flow 
field results of this flame are compared with HMIe flame data. The second 
simulation used slightly higher jet velocity of 118 m/s and co-flow velocity of 
40 m/s. The scalar predictions of this simulation are compared with HM1 
measurements. 
First a converged steady laminar flamelet solution is obtained using the 
Reynolds Stress Model. The dissipation rate equation is modified (Cs1 = 1.6 
instead of C, =1.44) to get correct spreading rate predictions (Daily et at. 
1998b). The steady flamelet library is generated using GRI Mech 2.11 (Bowman 
et al. ) assuming unity Lewis number for all the species. The flamelet profiles are 
-presented and discussed in section 4.3.1. These flamelets are employed to 
prepare the PDF integrated look-up table, which is then used to perform the 
steady flamelet simulation. After SLFM simulation, mean mixture fraction 
(Figure 6.4), mean mixture fraction variance "2 (Figure 6.5), mean scalar 
dissipation rate Z (Figure 6.6) and density p (Figure 6.7) are used to perform 
post-processing style Eulerian Particle Flamelet Model calculations. The detailed 
procedure is schematically shown in Figure 3.4. 
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6.2.3 Present predictions 
Figures 6.8a and 6.8b show calculated streamline contours for HM 1e and HM 1 
cases respectively. The axial positions where experimental data were measured 
are also shown. Both flames exhibit similar flow characteristics. In both cases 
the recirculation zone is extended up to x/D = 1.8. Two vortices can be seen 
inside the recirculation zone. Eight measurement locations in the case of HMIe 
and four in the case of HMI fall inside the recirculation zone. 
6.2.3.1 Flow field predictions 
The flow field results are compared for HM 1e case. Figure 6.9 shows 
comparison of axial velocity predictions with measurements. It can be seen that 
numerical results show excellent agreement at all the axial positions. The 
numerical results correctly predict the change of axial velocity direction 
indicating that the length and shape of the recirculation zone is predicted very 
well. Radial velocity comparisons in Figure 6.10 show good agreement close to 
the burner except for slight under-predictions at downstream positions. 
Magnitude of the radial component is small therefore discrepancies are not that 
significant. The rms fluctuations of axial and radial velocity are presented in 
Figure 6.11 and 6.12 respectively. Experimental data of axial velocity 
fluctuations. show two distinct peaks suggesting the existence of two shear 
layers. The numerical predictions (Figure 6.11) successfully capture first peak 
but second peak is somewhat underpredicted. Radial velocity fluctuations have 
been accurately predicted at all axial locations (Figure 6.12). 
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6.2.3.2 Scalar predictions 
Here the mixing field and combustion statistics are compared for the HM 1 case. 
Three different grids coarse (85x191), medium (170 x 260) and fine 
(340 x 520) have been used to simulate HMI case. Here only mixture fraction 
predictions using different grids are presented in Figure 6.13 for comparison 
purposes. It can be seen that results from all three grids are identical and in good 
agreement with experiments. This suggests that the solution is grid independent 
and selection of the medium grid (170 x 260) for further analysis is acceptable. 
Figure 6.13 also shows the effects of the modification of the constant (CF1) in 
dissipation equation. The standard RSM (CE, =1.44) predicts mixture fraction 
reasonably well up to x/D = 0.9 after which, severe over-prediction of spreading 
rate leads to significant underprediction of mixture fraction. While the modified 
RSM (C11 =1.6) shows slight underprediction of the spreading rate up to x/D = 
1.3, much improved predictions can be seen at downstream positions. In Figure 
6.14 the mixture fraction rms values are compared. Three separate peaks inside 
the recirculation zone (x/D < 0.9) suggest the presence of three mixing layers. It 
is clearly seen at x/D = 0.6 and at x/D = 0.9. The first peak is overpredicted but 
the other two are in good agreement. At the first position x/D = 0.26, the 
intermediate mixing layer is not present because the lower part of both inner and 
outer vortices are already well mixed. Downstream predictions at x/D = 1.8,2.4 
are in very good agreement. The mixing field results are remarkably good. This 
is mainly because the current study has considered detailed chemistry and used 
bulk velocity values at extended inlets instead of specifying speculative velocity 
profiles at the burner exit. 
Using the mixing field predictions a conditional scalar dissipation rate ý,, is 
calculated for each cell. Figure 6.15 shows the profiles of x,., at different axial 
locations. Two peaks can be seen, one close to fuel inlet and other at the edge of 
the bluff-body and co-flow inlet. These peaks correspond to the shear layers and 
they diminish with increasing axial distance. Initially only one particle was 
considered and therefore a single passive scalar transport equation (equation 
3.78) was solved. Later in the study the effects of multiple particles are 
investigated. As shown in Figure 6.16 a single particle was initialised inside the 
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fuel rich region where mean mixture fraction is greater than stoichiometry 
(e > 0.05). Figures 6.17 - 6.22 show how a single particle evolves with time at 
different axial locations. First four locations fall inside the recirculation region 
(as shown in Figure 6.8) and therefore at those locations particle takes longer 
time to diffuse compared to last two locations. Evolution of I,, within the 
domain was stored at each time step and used in conjunction with the conditional 
scalar dissipation rate to compute a surface averaged conditional scalar 
dissipation rate where n represent the particle number. The transient 
evolution of is shown in Figure 6.23. It can be seen that approximately 
after 40 ms the j,.,, reaches a steady state (; zý 2.34s-1) and thereafter does not 
change with time. 
Conditional data comparison 
A single steady flamelet was generated using a scalar dissipation rate of 2.34s-' 
with GRI Mech 2.11 (277 reactions of 49 species, Bowman et al. ), GRI Mech 3.0 
(325 reactions of 53 species, Smith et al. ) and San Diego mechanism (228 
reactions of 53 species, Centre for Energy Research website) and results are 
compared with conditional experimental measurements. The comparisons are 
shown in Figures 6.24 - 6.31. It can be seen that overall the flamelet profiles 
accurately follow the experimental data for temperature and species in both fuel 
rich and lean zones. However the OH peak mass fraction has been overpredicted 
and CO2 profile shows some differences in the fuel rich region. These 
disagreements may have resulted from uncertainties involved in reaction 
mechanisms and other factors like the use of unity Lewis number assumption for 
all species. All three mechanisms considered have produced similar results. In 
this case conditional experimental data at different axial locations show very 
similar profiles hence the flame is not subjected to large changes of scalar 
dissipation rate. Therefore steady flamelet results of all the mechanisms have 
been calculated in the post-processing stage using a single flamelet (scalar 
dissipation rate equal to 2.34s-'). 
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Transient flamelet calculations 
The transient history of j,, is employed to obtain unsteady flamelet solution 
using the FlameMaster code. Here again three mechanisms GRI Mech 2.1 1,3.0 
and San Diego are used to study the influence of mechanisms. The initial 
condition was taken from a steady state solution (scalar dissipation rate equal to 
1.85s"') and initial nitrogen species concentrations (except N2) were set to zero. 
Unsteady evolution of NO by all three mechanisms is shown in Figures 6.32 - 
6.34. The highest level of NO is generated by GRI Mech 3.0 almost double the 
amount of GRI Mech 2.11 and slightly higher than San Diego mechanism. Other 
species and temperature shown in Figure 6.35 - 6.38 do not show a notable 
evolution with time as they have been initialised from a steady solution and show 
less sensitivity to the scalar dissipation rate changes. The radiation heat loss is 
accounted for in the unsteady calculations but has negligible effects on scalars. 
Results in Figures 6.35 - 6.38 have been generated using GRI Mech 2.11 but 
very similar results (not shown here) have been obtained for the other two 
mechanisms. 
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Figure 6.18: Evolution of a single particle at x/D = 0.6 
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flame calculations for OH mass fraction. 
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Favre averaged scalar predictions 
Favre averaged temperature and species predicted by all three mechanisms are 
presented in Figures 6.39 - 6.49. Results also compare the performance of steady 
(SLFM) vs. unsteady (EPFM) flamelet model. Figure 6.39 shows the 
temperature predictions. Temperature is slightly underpredicted at the centreline 
partly due to discrepancies of mixture fraction predictions but generally the 
agreement is very good. Similar underprediction of temperature has been 
reported by Raman and Pitsch (2005), who were successful in predicting the 
mixture fraction and concluded that this may be due to deviation from flamelet 
regime. Radiation heat transfer is not significant for the selected flame as the 
unsteady results with radiation (e. g. EPFM-GRI2.11) and steady results without 
radiation (e. g. SLFM-GRI2.11) are undistinguishable. All three mechanisms 
with both flamelet models provided almost identical results. Similar behaviour is 
seen in the case of temperature rms and other major species including OH, 
shown later. Temperature rms for the steady case is calculated via a simple 
integration of (T -T (ý))2 weighted by the PDF and for the unsteady case using 
equation (3.81). Calculated temperature rms results are shown in Figure 6.40. 
The downstream positions show some differences but overall agreement is very 
good. Successful modelling of temperature rms establishes that turbulence and 
chemistry interactions have been captured well. 
Figure 6.41 shows present NO prediction which is perceived to be the most 
challenging task in combustion simulations. It can be seen that the results of NO 
predictions by all three mechanisms are very different and noticeably affected by 
the choice of the flamelet model. Unsteady GRI Mech 2.11 shows the closest 
agreement with measurements. Although NO is slightly overpredicted at 
downstream locations by unsteady GRI 2.11 calculation, the results are very 
good. The steady flamelet model with GRI Mech 2.11 still predicts high NO 
levels and shows overprediction at all locations. The unsteady model 
incorporating the San Diego and GRI Mech 3.0 consistently overpredicts NO 
levels at all the positions and steady flamelet results show even severe 
overprediction. The GRI Mech 3.0 predicts roughly twice the amount of NO 
compared to GRI Mech 2.11. This finding supports the previous studies (Kim et 
al. 2002 and Sreedhara et al. 2005). However, Gibaud et al. (2005), comments on 
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the differences between the two versions of the GRI mechanisms. Their work 
note that the rate constant used for the reaction CH2+H = CH + H2 which is the 
dominant CH formation channel is 2.06x 1011 m3/kmol/s in GRI Mech 2.11 and 
1.71x10" in GRI Mech 3.0 and note that the GRI Mech 2.11 rate is based on 
low-temperature data extrapolated to combustion conditions. Gibaud et at (2005) 
quoting references therein note that the reaction rate value for the temperature 
range 2200-2600 K varies from 3.2x 1010 to 2.3 x 1011 m3/kmol/s and the value 
used in GRI Mech 2.11 appears to be on higher side. Gibaud et al. (2005) and 
Juchmann et al. (1998) have used a value of 1.1 X 10" which is close to the value 
used in the GRI Mech 3.0. Considering these uncertainties the success of the 
GRI Mech 2.11 should be treated cautiously. However, the present study clearly 
demonstrates the capability of the EPFM approach as the other two mechanisms, 
GRI Mech 3.0 and San Diego, give better NO predictions with EPFM compared 
to the SLFM approach. 
Figure 6.42 shows the OH predictions by steady and unsteady methods 
incorporating all three mechanisms. At first position, x/D = 0.26 the OH mass 
fraction is severely overpredicted but further downstream the results closely 
follow the experimental data. Unsteady effects or differences in chemical 
mechanisms do not show any significant differences. Figure 6.43 shows the 
carbon monoxide predictions which are in good agreement close to the burner 
but slightly overpredicted at downstream positions. Similar behaviour is seen in 
the case of carbon dioxide predictions shown in Figure 6.44. The H2O mass 
fraction predictions depicted in Figure 6.45 shows excellent agreement at all the 
axial positions. Consumption of methane shown in Figure 6.46 also agrees well. 
Figure 6.47 show the comparison of predicted hydrogen mass fractions with 
data. Slight overprediction at the centre line is apparent which may be due to 
overprediction of mixture fraction at the centreline. Very good agreement can 
also be seen in Figure 6.48 for oxygen mass fraction predictions. 
It can be seen that agreement for all species and temperature compare very 
well with experimental results and not sensitive to unsteady effects except NO. 
All three mechanisms also produce remarkably similar results for major and 
minor species (except NO as mentioned above). 
The unsteady results discussed so far have been obtained using a single 
particle. To study the impact of multiple particles on scalar predictions, another 
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simulation was performed using five particles. In case of five particles, the 
initialization region remains the same, but it is divided into five sub-regions, and 
each sub-region is assigned to one particle (Coelho and Peters 2001 a). Each sub- 
region covers certain range of conditional scalar dissipation rate. The initial 
probability of finding a marker particle is then equal to 1 in its own sub-region 
and equal to 0 everywhere else. Different types of particles are separated by 
different initial conditions. The NO predictions by a single particle and five 
particles employing unsteady GRI Mech 2.11 are shown in Figure 6.49. The 
results are almost identical. Basically multiple particles help to account for the 
inhomogeneous distribution of the scalar dissipation field. But the current flame 
has shown weak dependence on scalar dissipation rate in conditional data 
comparison discussed earlier and therefore results of five particles and a single 
particle are almost the same. Here only NO results are presented but similar trend 
has been seen in the case of temperature and other species (not shown here). 
6.2.4 Summary 
A methane/hydrogen bluff-body flame has been successfully simulated using 
steady and unsteady flamelet models. Very good agreement of velocity statistics 
confirms the competence of the axisymmetric RANS approach to model such a 
strongly recirculating flame. The upstream domain extension has allowed the use 
of bulk velocity values at extended inlet instead of prescribing velocity profiles 
at the burner exit. This has eliminated uncertainties arising from the velocity 
boundary condition. The mean and variance of mixture fraction were predicted 
correctly, which show the validity of laminar flamelet model for this study. The 
predicted temperature profiles using the steady and unsteady laminar flamelet 
approaches agreed well with experiments even at far downstream positions. It 
was found that the radiative heat loss is not significant for the current flame as 
temperature predictions by steady calculations without radiation and unsteady 
calculations with radiation were almost the same. The good agreement shown by 
temperature rms reveals that chemistry (using laminar flamelet model) and 
turbulence-chemistry interactions (using presumed ß-PDF) were modelled well. 
The major species and OH predictions by all three mechanisms (GRI Mech 2.11, 
3.0 and San Diego) using steady and unsteady flamelets were very similar and 
agreed well with experimental data. However, the results of this study show that 
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nitrogen oxide predictions are highly sensitive to the unsteady effects and the 
mechanism considered. Only unsteady calculations employing GRI Mech 2.11 
showed reasonable agreement for NO predictions. Results showed 
overpredictions even with the GRI Mech 2.11 when transient effects were 
neglected. The other two mechanisms namely San Diego and GRI Mech 3.0 
using unsteady flamelets predicted higher level of NO compared to unsteady 
GRI Mech 2.11 and showed severe over-predictions when the steady flamelet 
approach was used. The GRI Mech 3.0 consistently predicted double the amount 
of NO compared to GRI Mech 2.11. The NO predictions by San Diego 
mechanism resulted values between the two GRI Mech predictions. The 
conditional experimental data has shown that the current flame does not strongly 
depend on scalar dissipation rate and therefore a single flamelet in the case of the 
steady flamelet model and a single particle calculation in the case of the unsteady 
flamelet model were sufficient to simulate the flame accurately. 
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at different axial stations. 
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6.3 Simulation of a H2/CO flame 
6.3.1 Previous predictions 
Hossain (1999) simulated the HC1 (H2/CO) flame from the Sydney bluff-body 
flame series using the standard k-E model and tested different combustion 
models. He concluded that steady laminar flamelet results with unity Lewis 
number assumption agree well with experiments. The predictions of mixture 
fraction and its variance showed some discrepancies within the recirculation 
zone mainly because of shortcomings of the turbulence model. Kim et al. (1999) 
have applied the CMC model to simulate the current flame and reported 
conditional and physical space comparison of results. Their predictions of major 
species and OH have shown reasonably good agreement. Both of the previous 
studies have not attempted NO predictions. The current study attempts to 
investigate importance of transient effects and model all scalars including NO. 
6.3.2 Simulation details 
An axisymmetric grid as shown in Figure 6.2 is used. The computational domain 
is divided into 170 x 260 quadrilateral cells. Initially a converged steady laminar 
flamelet solution is obtained using the Reynolds Stress Model. The dissipation 
rate equation is modified (CE, = 1.6 instead of Ce1 =1.44) to get correct 
spreading rate predictions (Daily et al. 1998b). The steady flamelet library is 
generated using Drake's chemistry (Drake et al. 1989) assuming unity Lewis 
number for all the species. The flamelet profiles are shown and discussed in 
section 4.4. Using these flamelets a PDF integrated look-up table is generated 
and linked with FLUENT to run steady laminar flamelet model. After a 
converged steady simulation the predictions of mean mixture fraction (Figure 
6.50), mean mixture fraction variance "Z (Figure 6.5 1), mean scalar dissipation 
rate X (Figure 6.52) and density 5 (Figure 6.53) are used to perform post- 
processing style Eulerian Particle Flamelet Model calculations. Further details 
can be found in section 3.6.2. 
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Figure 6.53: Contour plot of density (kg/m3) 
Chapter S. Modelling of Sydney Bluff-body Flames 187 
6.3.3 Present predictions 
Figure 6.54 and 6.55 show predictions of the mean mixture fraction and its 
rms respectively at different axial positions. The predictions of mean mixture 
fraction show very good agreement for all the axial locations. The experimental 
data of mixture fraction rms show three distinct peak at x/D = 0.6 and x/D = 0.9. 
The first and second peaks are somewhat overpredicted but third peak is captured 
well. Employing mixing field predictions the conditional scalar dissipation rate 
x is calculated for each cell. Figure 6.56 shows the radial profiles of X.,, at 
different axial locations. Two peaks representing the shear layer can be seen, one 
near to fuel inlet and other at the edge of the bluff-body and co-flow inlet. 
Initially only one particle was considered and therefore a single passive scalar 
transport equation (equation 3.78) was solved. Later in the study the effects of 
multiple particles are investigated. A single particle was initialised inside the fuel 
rich region where mean mixture fraction is greater than stoichiometry (Figure 
6.62). Unsteady evolution of a single particle at different axial locations is 
plotted in Figures 6.57 - 6.61. Close to the bluff-body, particle takes longer to 
diffuse because of the recirculation region. Evolution of 1, (particle density) 
within the domain was stored at each time step and used in conjunction with the 
conditional scalar dissipation rate to calculate a surface averaged conditional 
scalar dissipation rate xs,, , where n 
denotes the particle number. The transient 
history of zs,., (Figure 6.62) shows that approximately after 25 ms the value of 
x,,,, reaches a steady state (-- 6.41s"'). 
A single steady flamelet was calculated using a scalar dissipation rate of 
6.41s"' and results are compared with conditional experimental measurements. 
The comparisons are plotted in Figures 6.63 - 6.69. It can be seen that overall 
the flamelet profiles show good agreement with the experimental data for 
temperature and species in both fuel rich and lean zones. However the peak of 
OH mass fraction has been severely overpredicted. For the selected flame the 
conditional experimental data at different axial locations show very similar 
profiles hence the flame is not subjected to large changes of scalar dissipation 
rate. Therefore steady flamelet results discussed later have been calculated in the 
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post-processing stage using a single flamelet (scalar dissipation rate equal to 
6.41 s'). 
Transient evolution of the surface averaged scalar dissipation ratex,,,, is 
employed to compute unsteady flamelet solutions using the FlameMaster code. 
Radiation heat loss is accounted for using optically thin radiation model. The 
initial condition was taken from a steady state solution and initial nitrogen 
species concentrations (except N2) were set to zero. As shown in Figure 6.70 the 
NO mass fraction show transient evolution while other species and temperature 
(Figure 6.71 - 6.74) do not show a notable evolution with time as they have been 
initialised from a steady flamelet. Also the temperature and other species show 
minor sensitivity to the scalar dissipation rate changes and radiation heat losses. 
The predictions of Favre averaged temperature and species using steady 
(SLFM) and unsteady (EPFM) flamelet model are plotted in Figures 6.75 - 6.84. 
The temperature is predicted well close to the burner exit but slightly 
overpredicted at last location by both steady and unsteady models. Radiation 
heat transfer is not very dominant for the selected flame as the unsteady results 
with radiation and steady results without radiation are almost identical (Figure 
6.75). Figure 6.76 show temperature rms predictions. At the first location both 
the peaks are captured well, while at second and third locations, the middle peak 
is considerably overpredicted. This disagreement could be the result of 
inaccurate mixture fraction rms predictions (Figure 6.55), which define the 
presumed ß-PDF shape used to account turbulence-chemistry interactions. 
The predictions of nitrogen oxide are shown in Figure 6.77. At the first 
station NO is underpredicted by unsteady model but the rest of the locations 
show reasonable agreement with experiments. The steady model consistently 
overpredicts NO at all the locations. As shown in Figure 6.78 the OH mass 
fraction is overpredicted by both steady and unsteady models especially large 
overprediction can be seen at first location. The first location falls inside the 
recirculation region, where flow field is complex and turbulence-chemistry 
interactions are important. Therefore shortcomings of a simple turbulence model 
(RSM) and turbulence-chemistry model (presumed ß-PDF) become magnified at 
the first location. The other major species namely CO2 (Figure 6.79), H2O 
(Figure 6.80), CO (Figure 6.81), H2 (Figure 6.82) and 02 (Figure 6.83) are 
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predicted identically by both steady and unsteady models and show good 
agreement with experiments. 
The unsteady results discussed so far have been obtained using a single 
particle. To study the impact of multiple particles on scalar predictions, another 
simulation was performed using four particles. The NO predictions by a single 
particle and four particles are shown in Figure 6.84. The results are almost 
identical. This is because multiple particles can only provide improved 
predictions if the flame is sensitive to the scalar dissipation rate distribution. But 
the current flame has shown weak dependence on scalar dissipation rate in 
conditional data comparison as discussed earlier. Here only NO results ate 
presented but similar trend has been seen in the case of temperature and other 
species (not shown here). 
6.3.4 Summary 
Both steady and unsteady flamelet models performed equally well and predicted 
major species including OH correctly. But NO predictions are noticeably 
influenced by the transient effects and accurately predicted only by the unsteady 
flamelet model using the EPFM. The predictions inside the recirculation zone 
show some differences with experiments, particularly NO and OH mass 
fractions. These discrepancies may be the results of uncertainty involved with 
the chemical mechanism and/or limitations of the RSM to capture turbulence 
accurately within the recirculation region. The conditional experimental data 
show weak dependence on the scalar dissipation rate and therefore a single 
flamelet in the case of steady flamelet model and a single particle in the case of 
unsteady flamelet model have proved adequate enough to simulate the current 
flame accurately. 
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at different axial positions. 
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6.4 Simulation of a CH3OH flame 
Experimental data of two bluff-body flames using methanol fuel were reported 
by Dally et al. (1998a). The first flame (ML1) has a fuel jet velocity of 80 m/s; 
the second flame (ML2) has a jet velocity of 121 m/s. These correspond to 55 
and 84% of the blow-off velocity, respectively. In the present study flame ML I 
is modelled using the steady and unsteady laminar flamelet models. 
6.4.1 Previous predictions 
Kim et al. (2000) have simulated the ML1 flame using a first order CMC model 
and reported conditional and physical space comparisons. Their predictions of 
major species (CO2 and H2O) have shown reasonably good agreement. Minor 
species OH was overpredicted near the stoichiometric mixture fraction and 
according to them it was the result of inaccurate modelling of the conditional 
scalar dissipation rate. Also CO and H2 profiles showed some disagreements 
with experiments and that was attributed to first order CMC approach, 
uncertainties involved with chemical mechanism and differential diffusion 
effects. Kim et al. (2000) have not reported NO predictions. The current study 
investigates the importance of transient effects and models all scalars including 
NO. 
6.4.2 Simulation details 
Figure 6.2 shows an axisymmetric grid employed in the current study. The 
computational domain is divided into 170x260 quadrilateral cells. Initially a 
converged steady laminar flamelet solution is obtained using the Reynolds Stress 
Model (C61 = 1.6 instead of C,, =1.44 ). The steady flamelet library is generated 
using the San Diego mechanism (Centre for Energy Research website) assuming 
unity Lewis number for all the species. The flamelet profiles are plotted and 
discussed in section 4.5. Using these flamelets a PDF integrated look-up table is 
generated and linked with FLUENT to run the steady laminar flamelet model. 
After a converged steady simulation the predictions of mean mixture fraction 
(Figure 6.85), mean mixture fraction variance ßn2 (Figure 6.86), mean scalar 
dissipation rate z (Figure 6.87) and density p (Figure 6.88) are used to 
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perform post-processing style Eulerian Particle Flamelet Model (EPFM) 
calculations. Full details of calculations can be found in section 3.6.2. 
6.4.3 Present predictions 
The predictions of mean mixture fraction show slight overprediction at centreline 
close to burner but overall agree well with experiments (Figure 6.89). The mean 
mixture fraction rms predictions (Figure 6.90) show considerable deviation from 
experiments at x/D = 0.6 and x/D = 0.9. This could be the result of complex flow 
structure developing due to the recirculation region and limitations of chemical 
kinetics. Using mixing field predictions the conditional scalar dissipation rate 
, 2s, 
is calculated for each grid cell. Figure 6.91 shows the radial profiles of z at 
different axial locations. Two peaks representing the shear layer can be seen, one 
close to the fuel inlet and other at the edge of the bluff-body and co-flow inlet. 
Initially only one particle was considered and therefore a single passive scalar 
transport equation (equation 3.78) was solved. The effects of multiple particles 
are investigated later in the study. A single particle was initialised inside the fuel 
rich region where mean mixture fraction is greater than stoichiometry, ý>0.135 
(Figure 6.92). Unsteady evolution of a single particle at different axial locations 
is plotted in Figures 6.93 - 6.96. At axial locations close to the bluff-body, a 
particle takes considerably more time to dissipate because of the recirculation 
region. Evolution of I (particle density) within the domain was stored at each 
time step and used in conjunction with the conditional scalar dissipation rate to 
calculate a surface averaged conditional scalar dissipation rate where n 
denotes the particle number. The transient history of lsr,, (Figure 6.97) shows 
that approximately after 25 ms the value of 5 ,,, reaches a steady state (tý 7.33s' 
1). 
A single steady flamelet was computed using a scalar dissipation rate of 
7.33s'' and results are compared with conditional experimental measurements. 
The comparisons are shown in Figures 6.98 - 6.105. Overall the flamelet profiles 
successfully follow experimental data in both fuel rich and lean side. However 
differences can be visible in case of OH, CO and CO2 profiles, which could be 
attributed to unity Lewis number assumption for all the species and shortcomings 
of chemical mechanism. Fuel and oxygen show very good agreement with 
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experiments. It is interesting to note that conditional experimental data at 
different axial positions overlap with each other or show very similar profiles. 
This behaviour suggests that the selected flame is not subject to high scalar 
dissipation rate changes and therefore steady flamelet results discussed later have 
been calculated in the post-processing stage using a single flamelet (scalar 
dissipation rate equal to 7.33s''). 
The unsteady history of the surface averaged scalar dissipation ratel*,,, is 
employed to obtain transient flamelet solutions using the FlameMaster code. The 
initial condition was taken from a steady state solution and initial nitrogen 
species concentrations (except N2) were set to zero. As shown in Figure 6.106 
the NO mass fraction show unsteady evolution while other species and 
temperature (Figure 6.107 - 6.111) do not show significant evolution with time 
as they have been initialised from a steady flamelet. Also the temperature and 
other species are not considerably influenced by the scalar dissipation rate 
changes and radiation heat losses. 
The predictions of density averaged temperature and species mass fraction 
using steady (SLFM) and unsteady (EPFM) flamelet model are plotted in Figures 
6.112 - 6.121. The temperature is predicted well within the recirculation region 
(close to burner) but slightly overpredicted at last location by both 
steady/unsteady models. The selected flame is not heavily radiating as the 
unsteady results with radiation and steady results without radiation are 
undistinguishable (Figure 6.112). Figure 6.113 show temperature rms 
predictions. At first and second locations both the peaks are modelled reasonably 
well, while at third and fourth positions, the peaks are shifted and considerably 
overpredicted. These discrepancies could be the result of inaccurate mixture 
fraction rms predictions (Figure 6.90). 
The predictions of nitrogen oxide are shown in Figure 6.114. The differences 
between steady/unsteady models are clearly visible. The unsteady model 
successfully predicts maximum level of NO while the steady model consistently 
overpredicts NO at all the locations. The OH mass fraction is overpredicted by 
both steady/unsteady models at first and second locations but other positions 
show reasonable agreement (Figure 6.115). The numerical predictions of carbon 
monoxide are plotted in Figure 6.116. At almost every location the CO is 
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underpredicted by both steady/unsteady flamelet models. Similar 
underpredictions were also reported by Kim et al. (2000). The other major 
species namely CO2 (Figure 6.117), H2O (Figure 6.118), H2 (Figure 6.119), 
CH3OH (Figure 6.120) and 02 (Figure 6.121) are predicted identically by both 
steady/unsteady models and show good agreement with experiments. 
The unsteady results presented so far have been computed using a single 
particle. To study the influence of multiple particles on scalar predictions, 
another simulation was performed using four particles. The NO predictions by a 
single particle and four particles are shown in Figure 6.122. The results are very 
similar. This can be explained as a simulation with multiple particles can provide 
superior predictions only if the flame is sensitive to the scalar dissipation rate 
distribution. But the current flame has shown weak dependence on the scalar 
dissipation rate. Here only NO results are shown but a similar trend has been 
found in the case of temperature and other species (not shown here). 
6.4.4 Summary 
Here a bluff-body methanol flame has been modelled successfully using both 
steady and unsteady flamelet models. The temperature and major species are 
predicted accurately by both steady/unsteady models but NO predictions are 
considerably influenced by the unsteady effects. Only the unsteady flamelet 
model showed reasonable agreement for NO predictions while the steady 
flamelet model has largely overpredicted NO levels. The conditional 
experimental data show weak dependence on the scalar dissipation rate and 
therefore a single flamelet in the case of the steady flamelet model and a single 
particle in the case of the unsteady flamelet model have proved sufficient to 
model the current flame accurately. 
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CHAPTER 7 
Modelling of a CH4/H2 Swirling Flame 
The swirl burners are very popular in industrial applications. Some of the 
practical examples are furnaces, gas turbines, boilers, gasifiers and ramjet 
engines. The swirling motion offers better flame stability and enhanced mixing, 
which results in efficient combustion. Sufficiently high swirl in the combustor 
produces a large adverse pressure gradient in the direction of the flow that leads 
to vortex breakdown and flow reversal (Masri et al. 2000). This will then form a 
recirculation zone, which transfers some of the hot combustion products back to 
the burner exit plane and helps fuel to ignite. Even though swirl burners are in 
good demand, the numerical predictions of swirling flows pose a big challenge 
due to its complex, unsteady and asymmetric nature. So far moderate success has 
been achieved in modelling swirling flows than its non-swirling counterpart. 
The current study focuses on comparing the performance of two very popular 
turbulence models, the standard k-c model and the RSM with linear pressure 
strain term model to simulate the non-premixed swirling flames. Also the 
importance of unsteady effects is evaluated by comparing the predictions of 
steady/unsteady flamelet models. The transient effects are accounted using post- 
processing style Eulerian Particle Flamelet Model (EPFM). The on-line database 
of Sydney University (TNF swirling flame archive) offers detailed and high 
quality experimental data for swirling jets and flames. Among these the swirling 
flame known as SMH1 (CH4/H2) has been selected for the validation. This flame 
is stabilised by a recirculation zone behind the bluff-body and incorporates a 
swirling annular flow. SMH1 is a CH4/H2 flame with a central fuel jet (bulk 
velocity of 140 m/s. This flame is 4% away from base blow-off and is operated 
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at swirl number Sg = 0.32 (Al-Abdeli and Masri 2003). The flame is entirely blue 
in colour, indicating the absence of soot (Masri et al. 2004). SMHI flame 
contracts to a necking region just downstream of the bluff-body before spreading 
out. 
Initially a brief overview of experimental setup is described. Subsequently, 
previous modelling studies are discussed followed by numerical details used in 
the present study and later simulation results are validated against experimental 
data. Finally a summary is presented. 
7.1 Experimental configuration 
Figure 7.1 shows a schematic diagram of burner configuration. A detailed 
description of experimental methods can be found in A1-Abdeli and Masri (2003) 
and Masri et al. (2004). Swirl is induced aerodynamically into the primary air 
stream at a distance of 300 mm upstream of the burner exit. This was achieved 
using three tangential (air) swirl ports (7 mm diameter), which are inclined at 15° 
upwards and placed circumferentially at 120° to each other. An axial stream of 
air is supplied through two diametrically opposed ports located on the periphery 
of the burner, ahead of the tangential inlets. The burner has a ceramic faced 
bluff-body of diameter 50 mm, with a 3.6 mm central fuel jet. Surrounding the 
bluff-body is a 60 mm diameter annulus called primary inlet. The complete 
burner assembly is housed in a co-flow wind tunnel of cross-section 130x 130 
mm. 
The experimental results are available for eight swirling flames (Al-Abdeli et 
and Masri 2003 and Masri et al. 2004) with different fuel compositions and swirl 
strengths. To represent the swirl strength of different flames, geometrical swirl 
number (Sg) is used, which is the ratio of integrated tangential to primary axial 
air velocities (W IUS). The velocity measurements have been carried out using 
LDV above the annulus. Different swirl numbers were obtained by varying the 
relative magnitudes of the tangential and axial air flowrates of annulus. The co- 
flow air velocity Ue was kept constant at 20m/s for all the cases. The Raman 
signals gave a simultaneous measure of the concentrations of CH4, N2,02, H2, 
H2O, CO and CO2. The Rayleigh signal was used to determine temperature. 
Laser-induced fluorescence was used to measure OH, NO and CO hence giving a 
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second, more reliable measurement of CO. The current study only uses data of 
SMH1 flame (Sg = 0.32, CH4/H2 (1: 1)). 
Table 7.1: Investigated swirl-stabilised flame conditions 
Flame Fuel U. U3 W, UU Reje, Sg 
(m/s) (m/s) (m/s) (m/s) 
SMH1 CH4/H2 0.05 20 42.8 13.8 140.8 19,300 0.32 
(1: 1) 
Top view 
of the burner and X50 
wind tunnel Pfd 36 
Axial 
air 
Ws 
Tai 
. Air 
nd 
inel 
All dimensions in mm 
Figure 7.1: Burner configuration 
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7.2 Previous predictions 
Several researchers have attempted to simulate swirling jets and flames; 
Rosaguti et al. (2002) and Guo et at. (Masri et al. 2002) have performed 3D 
transient Reynolds Averaged Navier Stokes (RANS) calculations of isothermal 
swirling jets and obtained good agreement. Guo et al. (Masri et al. 2002) have 
also simulated Sydney swirling flame SMH1 (which is investigated in the current 
study) using a 2D axisymmetric steady model with single step fast chemistry and 
found reasonable agreement. Stability analysis of swirling flow is another 
important area of research, Al-Abdeli and Masri (2003) have experimentally and 
Guo et al. (2003) have numerically studied the stability issues of Sydney swirling 
jets and flames. Guo et al. (2003) have demonstrated the capability of RANS 
approach to model the complex flow structure and precession motion of strongly 
swirling jets for a range of flow conditions. However their reacting case 
simulation failed to predict any instability. They concluded that in swirling 
flames density variation accelerates the flow and suppress the flow instabilities. 
Gran et al. (1997) have studied the influence of turbulence models including 
their Low-Reynolds-Number extension on predictions of turbulent bluff-body 
flames. The RSM predictions of spreading rate were better than the k-c model. 
Only the RSM predicted stable flame while k-c model unrealistically predicted 
blow out. In the reacting case Low-Reynolds-Number extension underpredicted 
the turbulent transport and gave poor spreading rate results. Sharif and Wong 
(1995) have assessed non-linear k-c model, algebraic stress model and RSM for 
two different swirling combustor simulations. The simulations were restricted to 
isothermal case. The RSM and algebraic stress model provided good agreement 
with experiments but non-linear k-c model failed to simulate the correct trend 
especially for tangential velocity predictions. They attributed results to the 
deficiencies of the non-linear k-c model to differentiate physically distinct cases 
of plane shear, plane strain and rotating plane shear. There are several models 
available to simulate the transport of Reynolds Stresses but among these, two 
models are widely used, RSM with linear pressure strain term (Fu et al. 1987) 
and RSM with quadratic pressure strain term (Speziale et al. 1991). Chen and 
Lin (1999) have tested both RSM models for confined isothermal swirling flow 
simulations. The quadratic pressure strain model was found to be more 
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successful than linear pressure strain model because of its inherent ability to 
correctly predict the low level Reynolds stresses. Recently Maele et al. (2003) 
have compared the prediction capabilities of eddy viscosity models for both inert 
and reacting swirling flows. The equilibrium chemistry model was used to 
simulate the swirling flame - SMHI. The realizable k-e model gave slightly 
improved predictions than the standard and RNG k-E model. But the turbulent 
shear stresses were underpredicted and as a result the kinetic energy was also 
severely underpredicted for all the downstream positions. 
7.3 Simulation details 
Figure 7.2 shows the computational domain and Figure "7.3 shows the 
corresponding grid used in the current study. The main domain (excluding 
upstream extension) is discretised using 170 x 260 quadrilateral cells. Close to 
the bluff-body the grid has been sufficiently refined to resolve the recirculation 
zone. The domain is extended upstream to calculate correct velocity profile at the 
burner exit. The bulk velocities and 10 % turbulence intensity are specified as 
inlet boundary conditions of the extended domain. This approach has helped to 
remove the uncertainties involved in specifying velocity profiles and length scale 
at the burner exit and proved very successful as shown in the flow field 
comparisons later. Transport equations for velocities, combustion and turbulent 
quantities were discretised using the second order upwind scheme and the 
SIMPLE algorithm was used for pressure velocity coupling. Two different 
simulations were performed, first with the standard k-c model and second with 
the Reynolds Stress Model. The flow-field and mixing field comparisons show 
superiority of the RSM over the standard k-c model and therefore post- 
processing style unsteady flamelet calculations are performed using RSM data 
only. 
First a converged steady laminar flamelet solution is obtained using the 
standard k-e model and the Reynolds Stress Model. Both the models use standard 
coefficients. The steady flamelet library is generated using GRI Mech 2.11 
(Bowman et al. ) assuming unity Lewis number for all the species. The flamelet 
profiles are presented and discussed in section 4.3.2. These flamelets are 
employed to prepare a PDF integrated look-up table, which is then used to 
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perform a steady flamelet simulation. After the steady Ilamelet simulation, 
mean mixture fraction ý (Figure 7.4), mean mixture fraction variance "2 
(Figure 7.5), mean scalar dissipation rate , 
(Figure 7.6) and density p (Figure 
7.7) are used to perform post-processing style Eulerian Particle Flamelet Model 
calculations. The detailed procedure is graphically shown in Figure 3.4. 
I-- 100 -+ 200 1 --- -- -------------- 
wall 
Ue bluff body 
I50 5 
U, 
Wr 17, axisymmctric 1, 
axis 
16--- --T------- --- -----_ 
03.6 050 
Figure 7.2: Computational domain considered in the simulation 
(dimensions are in mm) 
0.15 
0.1 
0.05 
-0.1 -0.05 0 0.05 0.1 0.15 02 
x [m] 
Figure 7.3: Grid used in the simulation (170 x 260) 
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7.4 Results and discussion 
7.4.1 Flow field predictions 
The streamline contours are shown in Figure 7.8 and 7.9 for the standard k-r. " 
model and the Reynolds Stress Model respectively. Prediction of the 
recirculation region above the bluff-body by the Reynolds Stress Model is 
slightly longer than the standard k-E model. The difference between turbulence 
models becomes apparent when swirling velocity is compared in Figure 7.10 and 
7.11. The standard k-c predicts only a single high swirling velocity bubble 
between fuel inlet and primary inlet, while the RSM predicts two high swirling 
velocity bubbles, one close to fuel inlet and another bit further in downstream. 
Also the standard k-e model predicts weakly swirling flow compared to the 
RSM. The axial velocity predictions (Figure 7.12) by both turbulence models are 
very similar close to burner and agree well with experiments but further 
downstream RSM tends to underpredict the spreading rate. Both turbulence 
models behave very differently in predicting swirling velocities. Figure 7.13 
shows the comparison of swirling velocity predictions with experiments. The 
standard k-E model predicts maximum swirling velocity at the swirling annulus 
but RSM predicts it close to fuel inlet, which is correct and confirmed by 
experimental results (see Figure 7.13, x/D = 0.2 & 0.4). The experimental data of' 
swirling velocity show an interesting pattern, up to x/D = 0.8 the maximum swirl 
velocity reduces and after that it starts increasing (Figure 7.13, x/D = 1.2 & 1.6) 
and then it decreases (Figure 7.13, x/D = 2.5 & 3.5). The RSM has successfully 
followed the pattern accurately capturing the peak values except at far 
downstream positions. The standard k-E model fails to simulate the pattern and 
only predicts continuous decay of swirling velocity in downstream direction. 
Similar results have been reported by Guo et al. (Masri et al. 2002) with the 
RNG k-c model. The axial and swirl velocity rms predictions are shown in 
Figure 7.14 & 7.15 respectively. The RSM predictions of velocity fluctuations 
are clearly superior to the standard k-E model. 
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7.4.2 Scalar predictions 
Figure 7.16 shows comparisons of the mean mixture fraction. Both turbulence 
models underpredict the mixture fraction close to the bluff-body and away from 
centreline (at the first two locations) but further downstream predictions are 
reasonable. At the last two locations the RSM provides slightly better predictions 
of radial spreading rate compared to the standard k-c model. The mean mixture 
fraction rms predictions (Figure 7.17) by both the turbulence models are very 
similar except at the first two locations, where only the RSM predictions agree 
well with experiments. Overall the RSM predictions of mixing and velocity field 
show good agreement with experiments. Therefore further analysis is performed 
employing RSM predictions. Using the RSM mixing field data the conditional 
scalar dissipation rate Z, is calculated for each grid cell. Figure 7.18 shows the 
radial profiles of zs, at different axial locations. Two peaks representing the 
shear layer can be seen, one close to the fuel inlet and other at the edge of the 
bluff-body and primary inlet. Initially only one particle was considered and 
therefore a single passive scalar transport equation (equation 3.78) was solved. 
The effects of multiple particles are investigated later in the study. A single 
particle was initialised inside the fuel rich region where mean mixture fraction is 
greater than stoichiometry, ý>0.05. Figure 7.19 shows the contour of 
initialisation region. Transient evolution of a single particle at different axial 
locations is plotted in Figures 7.20 - 7.26. At first two locations the particle takes 
longer to dissipate compared to other locations because of the recirculation 
region. Similar behaviour can be seen at the last location, which indicates 
another small recirculation region further downstream. Evolution of 1 (particle 
density) within the entire domain was stored at each time step and used in 
conjunction with the conditional scalar dissipation rate to calculate a surface 
averaged conditional scalar dissipation rate 4, n I where n 
denotes the particle 
number. Figure 7.27 shows the transient history of It shows that 
approximately after 18 ms the value of , 
gis,., reaches a steady state (szý 2.75s'ß). 
A single steady flamelet was generated using GRI Mech. 2.11 for a scalar 
dissipation rate of 2.75s"' and results are compared with conditional experimental 
data. The comparisons are plotted in Figures 7.28 - 7.35. Overall the flamelet 
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profiles agree well with experimental data both in fuel rich and lean side. The 
maximum OH mass fractions are however slightly overpredicted. The 
conditional data profiles at different axial locations show similar characteristic 
and overlap with each other. This trend indicates that the studied flame is not 
subject to high scalar dissipation rate changes and therefore the steady flamelet 
results discussed later have been calculated in the post-processing stage using a 
single flamelet (using scalar dissipation rate value 2.75s"1 ). 
Transient history of the surface averaged scalar dissipation rate,,,,, is 
employed to calculate unsteady flamelet solutions using the FlameMaster code. 
The initial condition was taken from a steady state solution and initial nitrogen 
species concentrations (except N2) were set to zero. As shown in Figure 7.36 the 
NO mass fraction show unsteady evolution while other species and temperature 
(Figure 7.37 - 7.40) do not show significant evolution with time as they have 
been initialised using a steady solution. Also the temperature and other species 
are not much influenced by the scalar dissipation rate changes and radiation heat 
loss. 
The predictions of Favre averaged temperature and species mass fraction 
using steady (SLFM) and unsteady (EPFM) flamelet model are plotted in Figures 
7.41 - 7.46. The temperature is overpredicted at the first location, while at the 
second and third locations the maximum temperature is underpredicted and the 
peak is shifted toward centreline. Also, temperature is considerably 
overpredicted at the last location. A similar trend can be seen in case of CO2 
mass fraction predictions (Figure 7.45). These disagreements could be attributed 
to the complex nature of the swirling flame, which is not accurately modelled 
using the selected turbulence models and turbulence-chemistry interaction model 
(presumed ß PDF). Also, uncertainties involved with the chemical mechanism 
are partly to blame. The radiation heat loss is not significant for the selected 
flame as the unsteady results with radiation and steady results without radiation 
are almost identical (Figure 7.41). 
The superiority of unsteady flamelet model over steady flamelet model is 
clear when comparisons of nitrogen oxide are made (Figure 7.42). The unsteady 
model successfully predicts the maximum level of NO except at the first location 
while the steady model consistently overpredicts NO at all the locations. Figure 
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7.43 compares the predictions of OH mass fractions with experimental data. The 
predicted OH mass fractions show considerable discrepancies, especially at first 
and third locations. These differences could be the result of several factors like 
uncertainties involved with chemical mechanism, violation of flamelet 
assumption and/or inability of turbulence model to capture correct flow physics. 
As shown in Figure 7.44 the numerical predictions of carbon monoxide by both 
steady/unsteady models agree well with experiments. Figure 7.46 shows the 
predictions of H2O mass fraction. The peak is not captured correctly at second 
and third locations but overall numerical results follow the experiments well. All 
the scalars except NO are predicted identically by both steady/unsteady flamelet 
models. 
The unsteady results discussed so far have been calculated using a single 
particle. To check the impact of multiple particles on scalar predictions, another 
simulation was performed using four particles. The NO predictions by a single 
particle and four particles are shown in Figure 7.47. The results by both the cases 
are very similar except at first and last location four particles simulation show 
slightly better predictions. This is because multiple particles mainly help to 
account inhomogeneous scalar dissipation field and the current flame has shown 
weak dependency on scalar dissipation rate. Here only NO results are discussed 
but similar behaviour has been seen in the case of temperature and other species 
(not shown here). 
7.5 Summary 
Considering the complex swirling nature of the selected flame both RANS based 
turbulence models namely the standard k-c model and the Reynolds Stress Model 
have performed reasonably well. Also the flamelet assumption has proved 
successful to capture the important combustion statistics. The numerical results 
imply that both combustion and flowfield predictions are significantly influenced 
by the choice of the turbulence model. The Reynolds Stress Model predicts two 
high swirling velocity bubbles connected to each other close to fuel inlet, while 
the standard k-s predicts a single high velocity bubble between fuel inlet and 
primary inlet. The detailed comparisons with experimental measurements 
suggest that the predictions of swirl velocity and the mixture fraction by RSM 
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are qualitatively and quantitatively in agreement at most of the axial positions 
while the standard k-c model fails to capture vital flow characteristics. Also, 
similar is true in the case of velocity rms predictions. This is because the RSM 
can simulate transport and different development of the individual Reynolds 
stresses, which then helps to capture the effects of vortex-breakdown and 
streamline curvature while the standard k-c model has no such mechanism and 
relies on the assumption of isotropic turbulence, which has proved invalid in the 
present swirling flame. 
The temperature and major species are not much influenced by transient 
effects and predicted well by both steady/unsteady flamelet models but NO 
predictions are considerably affected by the unsteady effects. Only the unsteady 
flamelet model provides reasonable agreement for NO predictions while the 
steady flamelet model shows large overpredictions. The conditional experimental 
data show weak dependence on the scalar dissipation rate and therefore a single 
flamelet in the case of steady flamelet model and a single particle in the case of 
unsteady flamelet model have proved adequate enough to model the current 
flame accurately. 
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experimental data at different axial stations. 
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axial stations. 
CHAPTER 8 
Concluding Remarks 
In the previous chapters detailed validation results for a number of different 
turbulent nonpremixed combustion problems have been discussed. The present 
chapter is dedicated to summarise the current modelling study and highlight the 
key findings. 
A commercial code FLUENT is employed using the steady flamelet model to 
compute the flowfield and mixing field. Unsteady flamelet calculations are 
performed in the post-processing stage. Transient evolutions of flamelets are 
accounted for by incorporating the Lagrangian Flamelet Model (LFM) for jet 
flames and the Eulerian Particle Flamelet Model (EPFM) for recirculating bluff- 
body and swirling flames. 
8.1 Importance of unsteady effects 
In most of the cases considered the temperature and major species are not much 
affected by the transient effects and therefore predicted equally well by steady 
and unsteady flamelet models. This is because major species form quickly and 
obey the underlying assumption of fast chemistry used by the steady flamelet 
model. However slow processes like NO formation are significantly influenced 
by transient effects and only the unsteady flamelet model can provide accurate 
predictions. In case of the jet flames it was shown by comparing different 
characteristic time scales that radiation effects are time dependent and can only 
be accounted through unsteady flamelet calculations. The steady flamelet model 
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has overpredicted the radiation heat loss and predicted unrealistically low 
temperature for downstream positions in the flames. 
8.2 Impact of different detailed chemical 
mechanisms 
A methane/hydrogen bluff-body flame has been investigated using three 
different detailed chemical mechanisms namely GRI Mech 2.11, GRI Mech 3.0 
and San Diego mechanism. All mechanisms have performed well and gave 
identical predictions for temperature and major species including OH mass 
fraction. But notable difference between each mechanism can be seen in case of 
the nitrogen oxide predictions. The unsteady GRI Mech 2.11 predictions of NO 
have shown best agreement with experiments. When transient effects are 
neglected the GRI Mech. 2.11 has overpredicted NO mass fractions. The other 
two mechanisms namely San Diego and GRI Mech 3.0 using unsteady flamelets 
predicted higher level of NO compared to unsteady GRI Mech 2.11 and showed 
even large over-predictions when steady flamelet model was used. The GRI 
Mech 3.0 consistently predicted double the amount of NO compared to GRI 
Mech 2.11. The NO predictions by San Diego mechanism were somewhere in 
the middle between GRI Mech 2.11 and GRI Mech 3.0 predictions. After this 
assessment study only the GRI Mech 2.11 was employed to model a swirling 
methane/hydrogen flame and all the scalars including NO have shown 
reasonable agreement with experimental data. 
8.3 Sensitivity of turbulence model 
In case of the jet flames the modified k-c model (Cl F=1.6 
instead of CC, = 1.44) 
has accurately predicted velocity statistics and mixing field (mean mixture 
fraction and its variance). The bluff-body flames were modelled using the 
Reynolds Stress Model. The performance of the standard RSM (Cs1 = 1.44) and 
the modified RSM (C6, = 1.6) was compared and it was shown that only 
modified RSM can correctly predict the axial and radial spreading rate. The 
relative performance of the standard k-c model and the RSM was assessed for a 
swirling methane/hydrogen flame. When numerical predictions are compared 
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against the experiments the standard k-e model showed clear deficiency to 
capture complex swirling nature of the flame, while the RSM has successfully 
predicted important flow characteristics like swirling velocity and mixing field. 
This can be explained as the RSM can model transport and different 
development of the individual Reynolds stresses, which then helps to capture the 
effects of vortex-breakdown and streamline curvature while the standard k-c 
model assumes isotropic turbulence, which is not valid for the selected swirling 
flame. 
8.4 Turbulence-chemistry interaction modelling 
The present study simulates turbulence-chemistry interactions using presumed Q 
PDF approach. The mean mixture fraction and its variance are used to define the 
shape of presumed ß PDF. The validation studies have shown that the mean 
mixture fraction and its variance are modelled very successfully for the jet 
flames and bluff-body flames. The prediction of temperature rms is a critical test 
for turbulence-chemistry interaction modelling because temperature rms for the 
steady case is calculated via a simple integration of (T -T (4 ))z weighted by the 
presumed ,8 
PDF and for the unsteady case using equation: 
Ift. d 
j IA(t) f (T 
n 
())Z P()d dt 
t))2 _noo l rp, e, _ J In (t) dt 
n0 
where, 
i 
1, (z, t)= jT( )P( ýdý 
0 
where T. (4) is the unsteady laminar flamelet profile for temperature 
corresponding to , 
gis,.,, and P(ý) denotes presumed ,8 PDF. The comparison of 
temperature rms predictions with experiments has shown good agreement for jet 
flames and bluff-body flames confirming the validity of presumed ß PDF for 
modelling turbulence-chemistry interactions. 
Chapter S. Concluding Remarks 285 
8.5 Radiation modelling 
A commonly used approach to model the rate of radiative heat loss per unit 
volume yR for hydrogen and hydrocarbon flames in the optically thin limit is 
used in the present study. 
4 =4cr(T4-T4)I: Aap,, 
where o is the Stefan-Boltzmann constant, T. the ambient temperature, p, and 
ap, are the partial pressure and the absorption coefficient of species i, 
respectively. For the jet flames a characteristic radiation time, which is required 
to decrease the maximum flame temperature by AT was calculated as: 
pcp), AT 
tRad = 
nr 9ýT. ) 
For the jet flames radiation time was compared against flamelet life time and 
it was shown that radiation is unimportant close to burner where residence time 
is short but at further downstream residence time increases and radiation effects 
become important. Also it was found that radiation time remains in the same 
order of magnitude with the flamelet flight time. This means radiation does not 
occur instantaneously and unsteady effects are important to simulate the correct 
radiation heat loss. The steady approach has overpredicted the radiation heat 
loss and severely underpredicted the temperature for downstream positions. 
The investigated bluff-body flames (CH4/H2, H2/CO and CH3OH) are not 
much influenced by the radiation heat loss as unsteady flamelet results with 
radiation and steady flamelet results without radiation are almost identical. 
Similar is true for the modelled CH4/H2 swirling flame. 
8.6 Effects of scalar dissipation rate on flame 
structure 
The scalar dissipation rate is an important quantity that accounts for the flame 
stretch due to turbulence. In the current study the conditional experimental data 
of the bluff-body flames and the swirling flame are compared against laminar 
flamelet profiles. The laminar flame calculations have shown overall good 
agreement with experimental data in fuel rich and lean regions. However the OH 
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peak mass fraction has been consistently overpredicted for all the flames and CO 
and CO2 profiles have shown some differences in fuel rich region. These 
disagreements may be due to the uncertainties involved in reaction mechanisms 
and other factors like the use of unity Lewis number assumption for all species. 
It was found that the conditional experimental data at different axial positions 
show very similar profiles. This is an interesting pattern, which indicates that the 
studied flame is not subjected to significant changes of scalar dissipation rate. 
Therefore a single flamelet in the case of steady flamelet model and a single 
particle calculation in the case of unsteady flamelet model were sufficient to 
simulate the entire flame accurately. 
8.7 Recommendations for future work 
The present study has raised several issues that require further investigation. 
Some of these are discussed below. 
" Validity of an uncoupled approach to consider transient effects should be 
assessed by comparing predictions of a coupled and an uncoupled 
unsteady flamelet simulation. 
9 The correct differential diffusion effects should be accounted instead of 
assuming unity Lewis number for all the species. 
9A full 3D simulation of a swirling flame should be attempted to evaluate 
the validity of axisymmetric assumption. 
" Advanced turbulence modelling options like Large Eddy Simulation 
(LES) should be explored for recirculating flames. 
" The swirling and bluff-body flames should be simulated employing 
progress-variable based flamelet models to study the effects of partial 
premixing and local extinction. 
" The shortcomings of presumed 6 PDF to capture turbulence-chemistry 
interactions should be investigated using transported PDF method. 
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Appendix A 
A. 1 Drake's chemistry 
The mechanism was proposed by Drake and B(int (1989). It is in CHEMKIN 
format and contains 67 reactions of 22 species. 
ELEMENTS 
HOCN 
END 
SPECIES 
H 02 0 OH 142 H2O H02 CO C02 
NH3 NH2 NH 
SPECIES 
N2H2 NNH N20 H2O2 
END 
THERMO 
END 
REACTIONS CAL/MOLE 
! Units are moles, cubic centimetres, 
! Temperature in Kelvin. 
HCO N N2 NO N02 HNO 
and calories per mole. 
H+02=0+OH 5.1E+16 -0.816 16507.0 
OH+H2=H20+H 1.2E+09 1.300 3630.0 
H2+0=H+OH 1.8E+10 1.000 8920.0 
OH+OH=H20+0 1.5E+09 1.140 0.0 
H+H02=OH+OH 1.5E+14 0.000 1000.0 
H+H02=H2+02 2.5E+13 0.000 690.0 
H+H02=H20+0 1. E+13 0.000 1073.0 
H02+OH=H20+02 1.5E+13 0.000 0.0 
H02+0=02+OH 2. E+13 0.000 0.0 
H202+OH=H20+H02 1. E+13 0.000 1800.0 
H02+H02=H202+02 2. E+12 0.000 0.0 
H202+H=H02+H2 1.7E+12 0.000 3750.0 
H+02+M=H02+M 2.3E+18 -0.800 0.0 
H20/6.0/ C02/1.5/ CO/0.4/ 02/0.4/ N2/0.4/ 
H202+M=OH+OH+M 1.2E+17 0.000 45500.0 
H20/6.0/ C02/1.5/ CO/0.4/ 02/0.4/ N2/0.4/ 
CO+OH=CO2+H 1.5E+07 1.300 -770.0 
CO+H02=C02+OH 1.5E+14 0.000 23650.0 
C02+0=C0+02 2.8E+12 0.000 43830.0 
HCO+M=H+CO+M 7.1E+14 0.000 16800.0 
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H20/6.5/ C02/1.5/ CO/0.75/ 02/0.4/ N2/0.4/ 
HCO+H=CO+H2 2. E+14 0.000 0.0 
HCO+OH=CO+H20 5. E+13 0.000 0.0 
HCO+02=CO+HO2 5. E+11 0.500 835.0 
H+H+M=H2+M 9. E+16 -0.600 0.0 
H20/6.0/ C02/1.5/ CO/0.4/ 02/0.4/ N2/0.4/ 
H+OH+M=H20+M 2.2E+22 -2.000 0.0 
H20/6.0/ C02/1.5/ CO/0.4/ 02/0.4/ N2/0.4/ 
O+H+M=OH+M 6.2E+16 -0.600 0.0 
H20/5.0/ C02/1.5/ CO/0.4/ 02/0.4/ N2/0.4/ 
CO+O+M=C02+M 5.8E+13 0.000 0.0 
HCO+O=CO+OH 3. E+13 0.000 0.0 
HCO+O=CO2+H 3. E+13 0.000 0.0 
O+N2=N+NO 1.9E+14 0.000 76250.0 
NO+H=N+OH 1.3E+14 0.000 49200.0 
O+N0=N+02 2.4E+09 1.000 38640.0 
NO+HO2=NO2+OH 2.1E+12 0.000 -480.0 
N02+M=NO+O+M 1.1E+16 0.000 66000.0 
N02+H=NO+OH 3.5E+14 0.000 1500.0 
N02+0=N0+02 1. E+13 0.000 600.0 
HNO+M=H+NO+M 1.5E+16 0.000 48680.0 
HNO+H=H2+N0 5. E+12 0.000 0.0 
HNO+OH=NO+H20 3.6E+13 0.000 0.0 
NH3+M=NH2+H+M 1.4E+16 0.060 90600.0 
NH3+H=NH2+H2 7. E+06 2.390 10171.0 
NH3+0=NH2+OH 2.1E+13 0.000 9000.0 
NH3+OH=NH2+H20 2. E+06 2.040 566.0 
NH2+H=NH+H2 6.9E+13 0.000 3650.0 
NH2+0=NH+OH 6.8E+12 0.000 0.0 
NH2+0=HNO+H 6.6E+14 -0.500 0.0 
NH2+OH=NH+H20 4.5E+12 0.000 2200.0 
NH2+N=N2+H+H 7.2E+13 0.000 0.0 
NH2+N0=N2+H20 3.8E+15 -1.250 0.0 
NH+H=N+H2 3. E+13 0.000 0.0 
NH+0=NO+H 2. E+13 0.000 0.0 
NH+OH=HNO+H 2. E+13 0.000 0.0 
NH+OH=N+H20 5. E+11 0.500 2000.0 
NH+02=HNO+O 1. E+13 0.000 12000.0 
NH+02=NO+OH 1.4E+11 0.000 2000.0 
NH+N=N2+H 3. E+13 0.000 0.0 
N+C02=NO+CO 1.9E+11 0.000 3400.0 
N2H2+M=NNH+H+M 5. E+16 0.000 50000.0 
N2112+H=NNH+H2 5. E+13 0.000 1000.0 
NNH+M=N2+H+M 2. E+14 0.000 20000.0 
NNH+H=N2+H2 3.7E+13 0.000 3000.0 
NNH+NO=N2+HNO 5. E+13 0.000 0.0 
NH2+NH=N2H2+H 5. E+13 0.000 0.0 
NH2+NO=NNH+OH 8.8E+15 -1.250 0.0 
NH+NO=N20+H 4.3E+14 -0.500 0.0 
N20+H=N2+OH 7.6E+13 0.000 15200.0 
N20+0=NO+NO 1. E+14 0.000 28200.0 
N20+0=N2+02 1. E+14 0.000 28200.0 
N20+M=N2+0+M 1.6E+14 0.000 51600.0 
END 
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A. 2 Hydrogen mechanism 
The mechanism is in CHEMKIN format. It includes 37 reactions of 13 species. 
ELEMENTS 
HON 
END 
SPECIES 
H 02 OH 0 H2 
END 
THERMO 
END 
REACTIONS 
! Units are cm3, 
H+02=0H+0 
H2+0=OH+H 
H2O+0=0H+OH 
H2+OH=H20+H 
H+02+M=H02+M 
H2/1. / H20/6.5/ 
H+H02=OH+OH 
H+H02=H2+02 
OH+H02=H20+02 
H+H+M=H2+M 
H2/1. / H20/6.5/ 
H+OH+M=H20+M 
H2/1. / H20/6.5/ 
H02+H02=H202+02 
H202+M=OH+OH+M 
H202+OH=H20+H02 
O+H02=0H+02 
H+H02=0+H20 
H+O+M=OH+M 
O+O+M=02+M 
H202+H=H20+OH 
H202+H=H02+H2 
O+OH+M=H02+M 
H2+02=0H+OH 
O+N2=N+NO 
O+NO=N+02 
H+NO=N+OH 
NO+M=N+O+M 
N2+M=N+N+M 
N20+0=NO+NO 
N20+0=N2+02 
N20+N=N2+N0 
N+H02=NO+OH 
N20+H=N2+OH 
HNO+0=NO+OH 
HNO+OH=NO+H2O 
NO+H02=HNO+02 
HNO+HO2=NO+H202 
HNO+H=NO+H2 
HNO+M=H+NO+M 
END 
H2O H02 H202 N N2 NO HNO N20 
mol, s, KJ and K 
2. E+14 
1.8E+10 
5.9E+09 
1.17E+09 
2.3E+18 
02/0.4/ N2/0.4/ 
1.5E+14 
2.5E+13 
2. E+13 
1.8E+18 
02/0.4/ N2/0.4/ 
2.2E+22 
02/0.4/ N2/0.4/ 
2. E+12 
1.3E+17 
1. E+13 
2. E+13 
5. E+12 
6.2E+16 
6.17E+15 
1. E+13 
4.79E+13 
1. E+16 
1.7E+13 
1.82E+14 
3.8E+09 
2.63E+14 
3.98E+20 
3.72E+21 
6.92E+13 
1. E+14 
1. E+13 
1. E+13 
7.6E+13 
5.01E+11 
1.26E+12 
2. E+11 
3.16E+11 
1.26E+13 
1.78E+16 
KJOULE/MOLE 
0.00 70.30 
1.00 36.93 
1.30 71.25 
1.30 15.17 
-0.8 0.00 
0.00 4.20 
0.00 2.93 
0.00 4.18 
-1.00 0.00 
-2.00 
0.00 
0.00 
0.00 
0.00 
0.00 
-0.60 
-0.50 
0.00 
0.00 
0.00 
0.00 
0.00 
1.00 
0.00 
-1.50 
-1.60 
0.00 
0.00 
0.00 
0.00 
0.00 
0.50 
0.50 
0.00 
0.50 
0.00 
0.00 
0.00 
0.00 
190.38 
7.53 
0.00 
5.90 
0.00 
0.00 
15.02 
33.26 
0.00 
200.0 
319.02 
173.11 
210.94 
627.65 
941.19 
111.41 
117.23 
83.14 
8.31 
63.19 
8.31 
8.31 
8.31 
8.31 
16.63 
203.7 
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A. 3 GRI Mech. 2.11 
The mechanism was developed by Bowman et al. It is in CHEMKIN format and 
includes 277 elementary chemical reactions of 49 species. 
ELEMENTS 
OHCN AR 
END 
SPECIES 
H2 H0 02 OH H2O H02 H202 
C CH CH2 CH2(S) CH3 CH4 CO C02 
HCO CH2O CH2OH CH3O CH30H C2H C2H2 C2H3 
C2H4 C2H5 C2H6 HCCO CH2CO HCCOH N NH 
NH2 NH3 NNH NO N02 N20 HNO CN 
HCN H2CN HCNN HCNO HOCN HNCO NCO N2 
AR 
END 
REACTIONS 
20+M<=>02+M 1.200E+17 -1.000 . 00 
H2/ 2.40/ H20/15.40/ CH4/ 2.00/ CO/ 1.75/ C02/ 3.60/ C2H 6/ 3.00/ 
AR/ . 83/ 
O+H+M<=>OH+M 5.000E+17 -1.000 . 00 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.0 0/ AR/ 
. 70/ 
O+112<=>H+OH 5.000E+04 2.670 6290.00 
O+HO2<=>OH+02 2.000E+13 . 000 . 00 
O+H202<=>OH+H02 9.630E+06 2.000 4000.00 
O+CH<=>H+CO 5.700E+13 . 000 . 00 
O+CH2<=>H+HCO 8.000E+13 . 000 . 00 
O+CH2(S)<=>H2+CO 1.500E+13 . 000 . 00 
O+CH2(S)<=>H+HCO 1.500E+13 . 000 . 00 
O+CH3<=>H+CH2O 8.430E+13 . 000 . 00 
O+CH4<=>OH+CH3 1.020E+09 1.500 8600.00 
O+CO+M<=>CO2+M 6.020E+14 . 000 3000.00 
H2/2.00/ 02/6.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/3.50/ 
C2H6/3.00/ AR/ . 50/ 
O+HCO<=>OH+CO 3.000E+13 . 000 . 00 
O+HCO<=>H+CO2 3.000E+13 . 000 . 00 
O+CH2O<=>OH+HCO 3.900E+13 . 000 3540.00 
O+CH2OH<=>OH+CH2O 1.000E+13 . 000 . 00 
O+CH30<=>OH+CH2O 1.000E+13 . 000 . 00 
0+CH30H<=>OH+CH2OH 3.880E+05 2.500 3100.00 
0+CH30H<=>OH+CH3O 1.300E+05 2.500 5000.00 
O+C2H<=>CH+CO 5.000E+13 . 000 . 00 
O+C2H2<=>H+HCCO 1.020E+07 2.000 1900.00 
O+C2H2<=>OH+C2H 4.600E+19 -1.410 28950.00 
O+C2H2<=>CO+CH2 1.020E+07 2.000 1900.00 
O+C2H3<=>H+CH2CO 3.000E+13 . 000 . 00 
O+C2H4<=>CH3+HCO 1.920E+07 1.830 220.00 
O+C2H5<->CH3+CH2O 1.320E+14 . 000 . 00 
O+C2H6<=>OH+C2H5 8.980E+07 1.920 5690.00 
O+HCCO<=>H+2CO 1.000E+14 . 000 . 00 
O+CH2CO<=>OH+HCCO 1.000E+13 . 000 8000.00 
O+CH2CO<=>CH2+CO2 1.750E+12 . 000 1350.00 
02+CO<=>O+C02 2.500E+12 . 000 47800.00 
02+CH2O<=>HO2+HCO 1.000E+14 . 000 40000.00 
H+02+M<->H02+M 2.800E+18 -. 860 . 00 
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02/ . 00/ H20/ . 
00/ CO/ . 75/ C02/1.50/ 
C2H6/1.50/ N2/ . 00/ AR/ 
. 00/ 
H+202<=>H02+02 3.000E+20 -1.720 
H+02+H2O<=>HO2+H2O 9.380E+18 -. 760 
H+02+N2<=>H02+N2 3.750E+20 -1.720 
H+02+AR<=>H02+AR 7.000E+17 -. 800 
H+02« >O+OH 8.300E+13 . 000 
2H+M<=>H2+M 1.000E+18 -1.000 
H2/ . 00/ H20/ . 00/ CH4/2.00/ 
C02/ . 00/ C2H6/3.00 
/ AR/ 
2H+H2<=>2H2 9.000E+16 -. 600 
2H+H20<=>H2+H20 6.000E+19 -1.250 
2H+C02<=>H2+C02 5.500E+20 -2.000 
H+OH+M<=>H20+M 2.200E+22 -2.000 
H2/ . 73/ H20/3.65/ CH4/2.00/ 
C2H6/3.00/ AR/ . 38/ 
H+H02<=>O+H20 3.970E+12 . 000 
H+H02<=>02+H2 2.800E+13 . 000 
u+unýý=ý2nu 1.340E+14 . 000 
H+H202<=>H02+H2 1.210E+07 
H+H202<=>OH+H20 1.000E+13 
H+CH<=>C+H2 1.100E+14 
H+CH2(+M)<=>CH3(+M) 2.500E+16 
LOW / 3.200E+27 -3.140 1230.00/ 
TROE/ . 6800 78.00 1995.00 
5590.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
. 70/ 
H+CH2(S)<=>CH+H2 3.000E+13 
H+CH3(+M)<=>CH4(+M) 1.270E+16 
LOW / 2.477E+33 -4.760 2440.00/ 
TROE/ . 7830 74.00 
2941.00 6964.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
. 70/ 
H+CH4<=>CH3+H2 6.600E+08 
H+HCO(+M)<=>CH2O(+M) 1.090E+12 
LOW / 1.350E+24 -2.570 1425.00/ 
TROE/ . 7824 271.00 
2755.00 6570.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
. 70/ 
H+HCO<=>H2+CO 7.340E+13 
H+CH2O(+M)<=>CH2OH(+M) 5.400E+11 
LOW / 1.270E+32 -4.820 6530.00/ 
TROE/ . 7187 103.00 1291.00 
4160.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
H+CH2O(+M)<=>CH30(+M) 5.400E+11 
LOW / 2.200E+30 -4.800 5560.00/ 
TROE/ . 7580 94.00 1555.00 4200.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
H+CH2O<=>HCO+H2 2.300E+10 
H+CH2OH(+M)<=>CH30H(+M) 1.800E+13 
LOW / 3.000E+31 -4.800 3300.00/ 
TROE/ . 7679 
338.00 1812.00 5081.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
H+CH2OH<=>H2+CH20 2.000E+13 
H+CH2OH<=>OH+CH3 1.200E+13 
H+CH2OH<=>CH2(S)+H20 6.000E+12 
H+CH30(+M)<=>CH30H(+M) 5.000E+13 
LOW / 8.600E+28 -4.000 3025.00/ 
TROE/ . 8902 144.00 
2838.00 45569.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
H+CH30<=>H+CH2OH 3.400E+06 
H+CH30<=>H2+CH20 2.000E+13 
H+CH30<->OH+CH3 3.200E+13 
2.000 
. 000 
. 000 
-. 800 
. 00 
. 00 
. 00 
. 00 
671.00 
1068.00 
635.00 
5200.00 
3600.00 
. 00 
. 00 
C2H6/3.00/ AR/ 
. 000 . 00 
-. 630 383.00 
C2H6/3.00/ AR/ 
1.620 10840.00 
. 480 -260.00 
C2H6/3.00/ AR/ 
. 000 . 00 
. 454 3600.00 
C2H6/3.00/ 
. 454 2600.00 
C2H6/3.00/ 
1.050 3275.00 
. 000 . 00 
C2H6/3.00/ 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
C2H6/3.00/ 
1.600 . 00 
. 000 . 00 
. 000 . 00 
. 00 
. 00 
. 00 
. 00 
14413.00 
. 00 
. 63/ 
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H+CH30<=>CH2(S)+H20 1.600E+13 . 000 . 00 
H+CH30H<=>CH20H+H2 1.700E+07 2.100 4870.00 
H+CH30H<=>CH30+H2 4.200E+06 2.100 4870.00 
H+C2H(+M)<=>C2H2(+M) 1.000E+17 -1.000 . 00 
LOW / 3.750E+33 -4. 800 1900.00/ 
TROE/ . 6464 132.00 1315.00 5566.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C2H2(+M)<=>C2H3(+M) 5.600E+12 . 000 2400.00 
LOW / 3.800E+40 -7. 270 7220.00/ 
TROE/ . 7507 98.50 
1302.00 4167.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C2H3(+M)<=>C2H4(+M) 6.080E+12 . 270 280.00 
LOW / 1.400E+30 -3. 860 3320.00/ 
TROE/ . 7820 207.50 2663.00 
6095.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C2H3<=>H2+C2H2 3.000E+13 . 000 . 00 
H+C2H4(+M)<=>C2H5(+M) 1.080E+12 . 454 1820.00 
LOW / 1.200E+42 -7. 620 6970.00/ 
TROE/ . 9753 210.00 984.00 4374.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C2H4<->C2H3+H2 1.325E+06 2.530 12240.00 
H+C2H5(+M)<=>C2H6(+M) 5.210E+17 -. 990 1580.00 
LOW / 1.990E+41 -7. 080 6685.00/ 
TROE/ . 8422 125.00 2219.00 6882.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C2H5<=>H2+C2H4 2.000E+12 . 000 . 00 
H+C2116<=>C2H5+H2 1.150E+08 1.900 7530.00 
H+HCCO<=>CH2(S)+CO 1.000E+14 . 000 . 00 
H+CH2CO<=>HCCO+H2 5.000E+13 . 000 8000.00 
H+CH2CO<=>CH3+CO 1.130E+13 . 000 3428.00 
H+HCCOH<=>H+CH2CO 1.000E+13 . 000 . 00 
H2+C0(+M)<=>CH2O(+M) 4.300E+07 1.500 79600.00 
LOW / 5.070E+27 -3. 420 84350.00/ 
TROE/ . 9320 197.00 1540.00 10300.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
OH+H2<->H+H20 2.160E+08 1.510 3430.00 
20H(+M)<=>H202(+M) 7.400E+13 -. 370 . 00 
LOW / 2.300E+18 -. 900 -1700.00/ 
TROE/ . 7346 94.00 1756.00 5182.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
20H<=>O+H20 3.570E+04 2.400 -2110.00 
OH+H02<=>02+1120 2.900E+13 . 000 -500.00 
OH+H202<=>H02+1120 1.750E+12 . 000 320.00 
DUPLICATE 
OH+H202<=>H02+H20 5.800E+14 . 000 9560.00 
DUPLICATE 
OH+C<=>H+CO 5.000E+13 . 000 . 00 
OH+CH<=>H+HCO 3.000E+13 . 000 . 00 
OH+CH2<=>H+CH20 2.000E+13 . 000 . 00 
OH+CH2<=>CH+H20 1.130E+07 2.000 3000.00 
OH+CH2(S)<=>H+CH2O 3.000E+13 . 000 . 00 
OH+CH3(+M)<=>CH30H(+M) 6.300E+13 . 000 . 00 
LOW / 2.700E+38 -6. 300 3100.00/ 
TROE/ . 2105 83.50 5398.00 8370.00 / 
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H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ 
OH+CH3<=>CH2+H20 5.600E+07 1.600 5420.00 
OH+CH3<=>CH2(S)+H20 2.501E+13 . 000 . 00 
OH+CH4<=>CH3+H20 1.000E+08 1.600 3120.00 
OH+CO<=>H+CO2 4.760E+07 1.228 70.00 
OH+HCO<=>H20+C0 5.000E+13 . 000 . 00 
OH+CH2O<=>HCO+H2O 3.430E+09 1.180 -447.00 
OH+CH2OH<=>H20+CH20 5.000E+12 . 000 . 00 
OH+CH30<=>H20+CH2O 5.000E+12 . 000 . 00 
OH+CH30H<=>CH20H+H20 1.440E+06 2.000 -840.00 
OH+CH30H<=>CH30+H20 6.300E+06 2.000 1500.00 
OH+C2H<=>H+HCCO 2.000E+13 . 000 . 00 
OH+C2H2<=>H+CH2CO 2.180E-04 4.500 -1000.00 
OH+C2H2<->H+HCCOH 5.040E+05 2.300 13500.00 
OH+C2H2<=>C211+1120 3.370E+07 2.000 14000.00 
OH+C2H2<=>CH3+CO 4.830E-04 4.000 -2000.00 
OH+C2H3<=>H20+C2H2 5.000E+12 . 000 . 00 
OH+C2H4<=>C2H3+H20 3.600E+06 2.000 2500.00 
OH+C2H6<=>C2H5+H20 3.540E+06 2.120 870.00 
OH+CH2CO<=>HCCO+H20 7.500E+12 . 000 2000.00 
2H02<=>02+H202 1.300E+11 . 000 -1630.00 
DUPLICATE 
2H02<=>02+H202 4.200E+14 . 000 12000.00 
DUPLICATE 
H02+CH2<=>OH+CH2O 2.000E+13 . 000 . 00 
H02+C113<=>02+C114 1.000E+12 . 000 . 00 
H02+CH3<=>OH+C1130 2.000E+13 . 000 . 00 
H02+CO<=>OH+CO2 1.500E+14 . 000 23600.00 
H02+CH20<=>HCO+H202 1.000E+12 . 000 8000.00 
C+02<=>O+CO 5.800E+13 . 000 576.00 
C+CH2<=>H+C2H 5.000E+13 . 000 . 00 
C+CH3<=>H+C2H2 5.000E+13 . 000 . 00 
CH+02<=>O+HCO 3.300E+13 . 000 . 00 
CH+H2<=>H+CH2 1.107E+08 1.790 1670.00 
CH+H20<=>H+CH20 1.713E+13 . 000 -755.00 
CH+CH2<=>H+C2H2 4.000E+13 . 000 . 00 
CH+CH3<=>H+C2H3 3.000E+13 . 000 . 00 
CH+CH4<=>H+C2H4 6.000E+13 . 000 . 00 
CH+CO(+M)<=>HCCO(+M) 5.000E+13 . 000 . 00 
LOW / 2.690E+28 -3. 740 1936.00/ 
TROE/ . 5757 237.00 1652.00 
5069.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2HG/3.00/ AR/ 
. 70/ 
CH+C02<=>HCO+CO 3.400E+12 . 000 690.00 
CH+CH2O<=>H+CH2CO 9.460E+13 . 000 -515.00 
CH+HCCO<=>CO+C2H2 5.000E+13 . 000 . 00 
CH2+02<=>OH+HCO 1.320E+13 . 000 1500.00 
CH2+H2<=>H+CH3 5.000E+05 2.000 7230.00 
2CH2<=>H2+C2112 3.200E+13 . 000 . 00 
CH2+CH3<=>H+C2H4 4.000E+13 . 000 . 00 
CH2+CH4<=>2CH3 2.460E+06 2.000 8270.00 
CH2+C0(+M)<=>CH2CO(+M) 8.100E+11 . 500 4510.00 
LOW / 2.690E+33 -5. 110 7095.00/ 
TROE/ . 5907 
275.00 1226.00 5185.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
CH2+HCCO<=>C2H3+CO 3.000E+13 . 000 . 00 
CH2(S)+N2<->CH2+N2 1.500E+13 . 000 600.00 
CH2(S)+AR<=>CH2+AR" 9.000E+12 . 000 600.00 
CH2(S)+02<=>H+OH+CO 2.800E+13 . 000 . 00 CH2(S)+02<=>CO+H20 1.200E+13 . 000 . 00 
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CH2(S)+H2<=>CH3+H 7.000E+13 . 000 . 00 
CH2(S)+H20(+M)<=>CH30H(+M) 2.000E+13 . 000 . 00 
LOW / 2.700E+38 -6. 300 3100.00/ 
TROE/ . 1507 134.00 
2383.00 7265.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ 
CH2(S)+H2O<=>CH2+H2O 3.000E+13 . 000 . 00 
CH2(S)+CH3<=>H+C2H4 1.200E+13 . 000 -570.00 
CH2(S)+CH4<=>2CH3 1.600E+13 . 000 -570.00 
CH2(S)+CO<=>CH2+CO 9.000E+12 . 000 . 00 
CH2(S)+CO2<=>CH2+CO2 7.000E+12 . 000 . 00 
CH2(S)+CO2<=>CO+CH2O 1.400E+13 . 000 . 00 
CH2(S)+C2H6<=>CH3+C2H5 4.000E+13 . 000 -550.00 
CH3+02<=>O+CH30 2.675E+13 . 000 2 8800.00 
CH3+02<=>OH+CH20 3.600E+10 . 000 8940.00 
CH3+11202<=>H02+CH4 2.450E+04 2.470 5180.00 
2CH3(+M)<=>C2H6(+M) 2.120E+16 -. 970 620.00 
LOW / 1.770E+50 -9. 670 6220.00/ 
TROE/ . 5325 151.00 
1038.00 4970.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
2CH3<=>H+C2H5 
CH3+HCO<=>CH4+CO 
CH3+CH2O<=>HCO+CH4 
CH3+CH3OH<=>CH2OH+CH4 
CH3+CH30H<=>CH30+CH4 
CH3+C2H4<=>C2H3+CH4 
CH3+C2H6<=>C2H5+CH4 
HCO+H20<=>H+CO+H20 
HCO+M<=>H+CO+M 
H2/2.00/ H20/ . 00/ CH4/2.00/ 
HCO+02<=>H02+C0 
CH2OH+02<=>HO2+CH2O 
CH30+02<=>H02+CH2O 
C2H+02<=>HCO+CO 
C2H+H2<=>H+C2H2 
C2H3+02<=>HCO+CH2O 
C2H4(+M)<=>H2+C2H2(+M) 
LOW / 7.000E+50 
TROE/ . 7345 180. 
H2/2.00/ H20/6.00/ CH4/2 
. 70/ 
C2H5+02<=>HO2+C2H4 
HCCO+02<=>OH+2CO 
2H000<=>2CO+C2H2 
N+NO<=>N2+0 
N+02<=>NO+O 
N+OH<=>NO+H 
N20+0<=>N2+02 
N20+0<=>2N0 
N20+H<=>N2+OH 
N20+OH<=>N2+H02 
N20(+M)<=>N2+0(+M) 
4.990E+12 
2.648E+13 
3.320E+03 
3.000E+07 
1.000E+07 
2.270E+05 
6.140E+06 
2.244E+18 
1.870E+17 
CO/1.50/ C02/2.00/ 
7.600E+12 
1.800E+13 
4.280E-13 
5.000E+13 
4.070E+05 
3.980E+12 
8.000E+12 
. 100 10600.00 
. 000 . 00 2.810 5860.00 
1.500 9940.00 
1.500 9940.00 
2.000 9200.00 
1.740 10450.00 
-1.000 17000.00 
-1.000 17000.00 
C2H6/3.00/ 
. 000 400.00 
. 000 900.00 
7.600 -3530.00 
. 000 1500.00 
2.400 200.00 
. 000 -240.00 
. 440 88770.00 
-9.310 99860.00/ 
00 1035.00 5417.00 / 
. 00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
8.400E+11 . 000 3875.00 
1.600E+12 . 000 854.00 
1.000E+13 . 000 . 00 
3.500E+13 . 000 330.00 
2.650E+12 . 000 6400.00 
7.333E+13 . 000 1120.00 
1.400E+12 . 000 10810.00 
2.900E+13 . 000 23150.00 
4.400E+14 . 000 18880.00 
2.000E+12 . 000 21060.00 
1.300E+11 . 000 59620.00 
LOW / 6.200E+14 . 000 56100.00/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H02+NO<=>NO2+OH 2.110E+12 . 000 -480.00 
NO+O+M<=>N02+M 1.060E+20 -1.410 . 00 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
N02+0<=>NO+02 3.900E+12 . 000 -240.00 
N02+H<=>NO+OH 1.320E+14 . 000 360.00 
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NH+O<=>NO+H 
NH+H<=>N+H2 
NH+OH<=>HNO+H 
NH+OH<=>N+H20 
NH+02<=>HNO+O 
NH+02<=>NO+OH 
NH+N<=>N2+H 
NH+H20<=>HNO+H2 
NH+NO<=>N2+OH 
NH+NO<=>N20+H 
NH2+0<=>OH+NH 
NH2+0<=>H+HNO 
NH2+H<=>NH+H2 
NH2+OH<=>NH+H2O 
NNH<->N2+H 
NNH+M<=>N2+H+M 
H2/2.00/ H20/6.00/ 
. 70/ 
NNH+02<=>H02+N2 
NNH+O<=>OH+N2 
NNH+O<=>NH+NO 
NNH+H<=>H2+N2 
NNH+OH<=>H20+N2 
NNH+CH3<=>CH4+N2 
H+NO+M<=>HNO+M 
H2/2.00/ H20/6.00/ 
. 70/ 
HNO+O<=>NO+OH 
HNO+H<=>H2+NO 
HNO+OH<=>NO+H20 
HNO+02<=>HO2+NO 
CN+O<=>CO+N 
CN+OH<=>NCO+H 
CN+H20<=>HCN+OH 
CN+02<=>NCO+O 
CN+H2<=>HCN+H 
NCO+O<=>NO+CO 
NCO+H<=>NH+CO 
NCO+OH<=>NO+H+CO 
NCO+N<=>N2+CO 
NCO+02<=>NO+CO2 
NCO+M<=>N+CO+M 
H2/2.00/ H20/6.00/ 
. 70/ 
NCO+NO<=>N20+CO 
NCO+NO<=>N2+CO2 
HCN+M<=>H+CN+M 
H2/2.00/ H20/6.00/ 
. 70/ 
HCN+O<=>NCO+H 
HCN+O<=>NH+CO 
HCN+O<=>CN+OH 
HCN+OH<=>HOCN+H 
HCN+OH<=>HNCO+H 
HCN+OH<=>NH2+CO 
H+HCN+M<=>H2CN+M 
H2/2.00/ H20/6.00/ 
. 70/ 
H2CN+N<=>N2+CH2 
C+N2<=>CN+N 
CH+N2<=>HCN+N 
CH4/2.00/ CO/1 
CH4/2.00/ 
CH4/2.00/ 
CH4/2.00/ 
CH4/2.00/ 
5.000E+13 
3.200E+13 
2.000E+13 
2.000E+09 
4.610E+05 
1.280E+06 
1.500E+13 
2.000E+13 
2.160E+13 
4.160E+14 
7.000E+12 
4.600E+13 
4.000E+13 
9.000E+07 
3.300E+08 
1.300E+14 
50/ C02/2.00/ 
5.000E+12 
2.500E+13 
7.000E+13 
5.000E+13 
2.000E+13 
2.500E+13 
8.950E+19 
CO/1.50/ C02/2.00/ 
2.500E+13 
4.500E+11 
1.300E+07 
1.000E+13 
7.700E+13 
4.000E+13 
8.000E+12 
6.140E+12 
2.100E+13 
2.350E+13 
5.400E+13 
2.500E+12 
2.000E+13 
2.000E+12 
8.800E+16 
CO/1.50/ C02/2.00/ 
2.850E+17 
5.700E+18 
1.040E+29 
CO/1.50/ C02/2.00/ 
1.107E+04 
2.767E+03 
2.134E+09 
1.100E+06 
4.400E+03 
1.600E+02 
1.400E+26 
CO/1.50/ C02/2.00/ 
6.000E+13 
6.300E+13 
2.857E+08 
. 000 . 00 
. 000 330.00 
. 000 . 00 
1.200 . 00 
2.000 6500.00 
1.500 100.00 
. 000 . 00 
. 000 1 3850.00 
-. 230 . 00 
-. 450 . 00 
. 000 . 00 
. 000 . 00 
. 000 3650.00 
1.500 -460.00 
. 000 . 00 
-. 110 4980.00 
C2H6/3.00/ AR/ 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
-1.320 740.00 
C2H6/3.00/ AR/ 
. 000 . 00 
. 720 660.00 
1.900 -950.00 
. 000 13000.00 
. 000 . 00 
. 000 . 00 
. 000 7460.00 
. 000 -440.00 
. 000 4710.00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 20000.00 
-. 500 48000.00 
C2H6/3.00/ AR/ 
-1.520 740.00 
-2.000 800.00 
-3.300 126600.00 
C2H6/3.00/ AR/ 
2.640 4980.00 
2.640 4980.00 
1.580 26600.00 
2.030 13370.00 
2.260 6400.00 
2.560 9000.00 
-3.400 1900.00 
C2H6/3.00/ AR/ 
. 000 400.00 
. 000 46020.00 
1.100 20400.00 
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CH+N2(+M)<=>HCNN(+M) 3.100E+12 . 150 . 00 
LOW / 1.300E+25 -3. 160 740.00/ 
TROE/ . 6670 235.00 
2117.00 4536.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
CH2+N2<->HCN+NH 1.000E+13 . 000 74000.00 
CH2(S)+N2<=>NH+HCN 1.000E+11 . 000 65000.00 
C+NO<=>CN+O 1.900E+13 . 000 . 00 
C+NO<=>CO+N 2.900E+13 . 000 . 00 
CH+NO<=>HCN+O 5.000E+13 . 000 . 00 
CH+NO<=>H+NCO 2.000E+13 . 000 . 00 
CH+NO<=>N+HCO 3.000E+13 . 000 . 00 
CH2+NO<=>H+HNCO 3.100E+17 -1.380 1270.00 
CH2+NO<=>OH+HCN 2.900E+14 -. 690 760.00 
CH2+N0<=>H+HCNO 3.800E+13 -. 360 580.00 
CH2(S)+NO<=>H+HNCO 3.100E+17 -1.380 1270.00 
CH2(S)+NO<=>OH+HCN 2.900E+14 -. 690 760.00 
CH2(S)+NO<=>H+HCNO 3.800E+13 -. 360 580.00 
CH3+NO<=>HCN+H20 9.600E+13 . 000 28800.00 
CH3+NO<=>H2CN+OH 1.000E+12 . 000 21750.00 
HCNN+O<=>CO+H+N2 2.200E+13 . 000 . 00 
HCNN+O<=>HCN+NO 2.000E+12 . 000 . 00 
HCNN+02<=>O+HCO+N2 1.200E+13 . 000 . 00 
HCNN+OH<=>H+HCO+N2 1.200E+13 . 000 . 00 
HCNN+H<=>CH2+N2 1.000E+14 . 000 . 00 
HNCO+O<=>NH+CO2 9.800E+07 1.410 8500.00 
HNCO+O<=>HNO+CO 1.500E+08 1.570 44000.00 
HNCO+O<=>NCO+OH 2.200E+06 2.110 11400.00 
HNCO+H<=>NH2+CO 2.250E+07 1.700 3800.00 
HNCO+H<=>H2+NCO 1.050E+05 2.500 13300.00 
HNCO+OH<=>NCO+H20 4.650E+12 . 000 6850.00 
HNCO+OH<=>NH2+CO2 1.550E+12 . 000 6850.00 
HNCO+M<=>NH+CO+M 1.180E+16 . 000 84720.00 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
HCNO+H<=>H+HNCO 2.100E+15 -. 690 2850.00 
HCNO+H<=>OH+HCN 2.700E+11 . 180 2120.00 
HCNO+H<=>NH2+CO 1.700E+14 -. 750 2890.00 
HOCN+H<=>H+HNCO 2.000E+07 2.000 2000.00 
HCCO+NO<=>HCNO+CO 2.350E+13 . 000 . 00 
CH3+N<=>H2CN+H 6.100E+14 -. 310 290.00 
CH3+N<=>HCN+H2 3.700E+12 . 150 -90.00 
NH3+H<=>NH2+112 5.400E+05 2.400 9915.00 
NH3+OH<=>NH2+H20 5.000E+07 1.600 955.00 
NH3+0<=>NH2+OH 9.400E+06 1.940 6460.00 
END 
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A. 4 GRI Mech. 3.0 
The mechanism was proposed by Smith et al. It is in CHEMKIN format and 
contains 325 reactions of 53 species. 
ELEMENTS 
OHCN AR 
END 
SPECIES 
H2 H0 02 OH H2O H02 H202 
C CH CH2 CH2(S) CH3 CH4 CO C02 
HCO CH2O CH2OH CH30 CH30H C2H C2H2 C2H3 
C2H4 C2H5 C2H6 HCCO CH2CO HCCOH N NH 
NH2 NH3 NNH NO N02 N20 HNO CN 
HCN H2CN HCNN HCNO HOCN HNCO NCO N2 
AR C3H7 C3H8 CH2CHO CH3CHO 
END 
REACTIONS 
20+M<=>02+M 1.200E+17 -1.000 . 00 
H2/ 2.40/ H20/15.40/ CH4/ 2.00/ CO/ 1.75/ C02/ 3.60/ C2H 6/ 3.00/ 
AR/ . 83/ 
O+H+M<=>OH+M 5.000E+17 -1.000 . 00 
H2/2.00/ H20/6.00/ CH 4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.0 0/ AR/ 
. 70/ 
O+H2<=>H+OH 3.870E+04 2.700 6260.00 
O+H02<=>OH+02 2.000E+13 . 000 . 00 
O+H202<=>OH+H02 9.630E+06 2.000 4000.00 
O+CH<=>H+CO 5.700E+13 . 000 . 00 
O+CH2<=>H+HCO 8.000E+13 . 000 . 00 
O+CH2(S)<->H2+CO 1.500E+13 . 000 . 00 
O+CH2(S)<=>H+HCO 1.500E+13 . 000 . 00 
O+CH3<=>H+CH2O 5.060E+13 . 000 . 00 
O+CH4<=>OH+CH3 1.020E+09 1.500 8600.00 
O+CO(+M)<=>C02(+M) 1.800E+10 . 000 2385.00 
LOW/ 6.020E+14 . 000 3000.00/ 
H2/2.00/ 02/6.00/ H20 /6.00/ CH4/2.00/ CO/1.50/ C02/3.50/ 
C2H6/3.00/ AR/ . 50/ 
O+HCO<->OH+CO 3.000E+13 . 000 . 00 
O+HCO<=>H+C02 3.000E+13 . 000 . 00 
O+CH20<=>OH+HCO 3.900E+13 . 000 3540.00 O+CH2OH<=>OH+CH2O 1.000E+13 . 000 . 00 
O+CH30<=>OH+CH20 1.000E+13 . 000 . 00 0+CH30H<=>OH+CH20H 3.880E+05 2.500 3100.00 
0+CH30H<=>OH+CH30 1.300E+05 2.500 5000.00 
O+C2H<=>CH+CO 5.000E+13 . 000 . 00 
O+C2H2<=>H+HCCO 1.350E+07 2.000 1900.00 
O+C2H2<=>OH+C2H 4.600E+19 -1.410 28950.00 
O+C2H2<=>CO+CH2 6.940E+06 2.000 1900.00 
O+C2H3<->H+CH2CO 3.000E+13 . 000 . 00 
O+C2H4<=>CH3+HCO 1.250E+07 1.830 220.00 
O+C2H5<=>CH3+CH2O 2.240E+13 . 000 . 00 
0+C2H6<=>OH+C2H5 8.980E+07 1.920 5690.00 
O+HCCO<=>H+2C0 1.000E+14 . 000 . 00 
O+CH2CO<=>OH+HCCO 1.000E+13 . 000 8000.00 
O+CH2CO<=>CH2+CO2 1.750E+12 . 000 1350.00 
02+CO<=>0+C02 2.500E+12 . 000 47800.00 
02+CH2O<=>HO2+HCO 1.000E+14 . 000 40000.00 
H+02+M<=>H02+M 2.800E+18 -. 860 . 00 
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02/ . 00/ H20/ . 00/ CO/ . 75/ 
C02/].. 50/ C2H6/1.50/ N2/ . 00/ AR/ 
. 00/ 
H+202<=>H02+02 2.080E+19 -1.240 . 00 
11+02+H20<=>H02+H20 11.26E+18 -. 760 . 00 
H+02+N2<=>1102+N2 2.600E+19 -1.240 . 00 
H+02+AR<=>H02+AR 7.000E+17 -. 800 . 00 
H+02<=>O+OH 2.650E+16 -. 6707 1 7041.00 
2H+M<=>112+M 1.000E+18 -1.000 . 00 
H2/ . 00/ H20/ . 
00/ CH4/2.00/ C02/ . 00/ C2H6/3.00 
/ AR/ . 63/ 
2H+H2<=>2H2 9.000E+16 -. 600 . 00 
2H+H20<=>H2+H20 6.000E+19 -1.250 . 00 
211+C02<=>H2+C02 5.500E+20 -2.000 . 00 
H+OH+M<=>H20+M 2.200E+22 -2.000 . 00 
H2/ . 73/ H20/3.65/ CH4/2.00/ 
C2H6/3.00/ AR/ . 38/ 
H+H02<=>O+H20 3.970E+12 . 000 671.00 
H+H02<=>02+H2 4.480E+13 . 000 1068.00 
H+1102<=>20H 0.840E+14 . 000 635.00 
H+11202<=>H02+H2 1.210E+07 2.000 5200.00 
H+H202<=>OH+H20 1.000E+13 . 000 3600.00 
H+CH<=>C+H2 1.650E+14 . 000 . 00 
H+CH2(+M)<=>CH3(+M) 6.000E+14 . 000 . 00 
LOW / 1.040E+26 -2.760 1600.00/ 
TROE/ . 5620 91.00 5836.00 
8552.00/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+CH2(S)<=>CH+H2 3.000E+13 . 000 . 00 
H+CH3(+M)<=>CH4(+M) 13.90E+15 -. 534 536.00 
LOW / 2.620E+33 -4. 760 2440.00/ 
TROE/ . 7830 74.00 
2941.00 6964.00 / 
H2/2.00/ H20/6.00/ CH4/3.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+CH4<=>CH3+H2 6.600E+08 1.620 1 0840.00 
H+HCO(+M)<=>CH2O(+M) 1.090E+12 . 480 -260.00 
LOW / 2.470E+24 -2. 570 425.00/ 
TROE/ . 7824 271.00 2755.00 6570.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+HCO<->H2+CO 7.340E+13 . 000 . 00 
H+CH2O(+M)<=>CH20H(+M) 5.400E+11 . 454 3600.00 
LOW / 1.270E+32 -4. 820 6530.00/ 
TROE/ . 7187 103.00 1291.00 4160.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ 
H+CH20(+M)<=>CH30(+M) 5.400E+11 . 454 2600.00 
LOW / 2.200E+30 -4. 800 5560.00/ 
TROE/ . 7580 94.00 1555.00 4200.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ 
H+CH20<=>HCO+H2 5.740E+07 1.900 2742.00 
H+CH2OH(+M)<=>CH30H(+M) 1.055E+12 . 500 86.00 
LOW / 4.360E+31 -4. 650 5080.00/ 
TROE/ . 600 100.00 
9 0000.0 10000.0 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ 
H+CH2OH<=>H2+CH20 2.000E+13 . 000 . 00 
H+CH2OH<=>OH+CH3 1.650E+11 . 650 -284.00 
H+CH2OH<=>CH2(S)+H20 3.280E+13 -. 090 610.00 
H+CH30(+M)<=>CH30H(+M) 2.430E+12 . 515 50.00 
LOW / 4.660E+41 -7. 440 14080.0/ 
TROE/ . 700 100.00 9 0000.0 10000.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ 
H+CH30<=>H+CH20H 4.150E+07 1.630 1924.00 
H+CH30<=>H2+CH2O 2.000E+13 . 000 . 00 
H+CH30<=>OH+CH3 1.500E+12 . 500 -110.00 
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H+CH30<=>CH2(S)+H20 2.620E+14 -. 230 1070.00 
H+CH30H<=>CH20H+112 1.700E+07 2.100 4870.00 
H+CH30H< >CH30+H2 4.200E+06 2.100 4870.00 
H+C2H(+M)<=>C2H2(+M) 1.000E+17 -1.000 . 00 
LOW / 3.750E+33 -4.800 1900.00/ 
TROE/ . 6464 132.00 1315.00 
5566.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C2H2(+M)<=>C2H3(+M) 5.600E+12 . 000 2400.00 
LOW / 3.800E+40 -7.270 7220.00/ 
TROE/ . 7507 98.50 
1102.00 4167.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C2H3(+M)<=>C2H4(+M) 6.080E+12 . 270 280.00 
LOW / 1.400E+30 -3.860 3320.00/ 
TROE/ . 7820 207.50 2663.00 
6095.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C2H3<=>H2+C2H2 3.000E+13 . 000 . 00 
H+C2H4(+M)<=>C2H5(+M) 0.540E+12 . 454 1820.00 
LOW / 0.600E+42 -7.620 6970.00/ 
TROE/ . 9753 210.00 
984.00 4374.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C2H4<=>C2H3+H2 1.325E+06 2.530 12240.00 
H+C2H5(+M)<=>C2H6(+M) 5.210E+17 -. 990 1580.00 
LOW / 1.990E+41 -7.080 6685.00/ 
TROE/ . 8422 125.00 
2219.00 6882.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C2H5<=>H2+C2H4 2.000E+12 . 000 . 00 
H+C2H6<=>C2H5+H2 1.150E+08 1.900 7530.00 
H+HCCO<=>CH2(S)+CO 1.000E+14 . 000 . 
00 
H+CH2CO<=>HCCO+H2 5.000E+13 . 000 8000.00 
H+CH2CO<->CH3+CO 1.130E+13 . 000 3428.00 
H+HCCOH<=>H+CH2CO 1.000E+13 . 000 . 00 
H2+C0(+M)<=>C1120(+M) 4.300E+07 1.500 79600.00 
LOW / 5.070E+27 -3.420 84350.00/ 
TROE/ . 9320 197.00 1540.00 10300.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
OH+H2<=>H+H20 2.160E+08 1.510 3430.00 
20H(+M)<=>H202(+M) 7.400E+13 -. 370 . 00 
LOW / 2.300E+18 -. 900 -1700.00/ 
TROE/ . 7346 94.00 1756.00 5182.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
20H<=>O+H20 3.570E+04 2.400 -2110.00 
OH+H02<=>02+H20 1.450E+13 . 000 -500.00 
DUPLICATE 
OH+H202<=>H02+H20 2.000E+12 . 000 427.00 
DUPLICATE 
OH+H202<=>H02+H20 1.700E+18 . 000 29410.00 
DUPLICATE 
OH+C<=>H+CO 5.000E+13 . 000 . 
00 
OH+CH<=>H+HCO 3.000E+13 . 000 . 00 
OH+CH2<=>H+CH2O 2.000E+13 . 000 . 
00 
OH+CH2<=>CH+H20 1.130E+07 2.000 3000.00 
OH+CH2(S)<=>H+CH2O 3.000E+13 . 000 . 00 
OH+CH3(+M)<=>CH30H(+M) 2.790E+18 -1.430 1330.00 
LOW / 4.000E+36 -5.920 3140.00/ 
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TROE/ . 4120 195.0 5900.00 
6394.00/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
OH+CH3<=>CH2+H20 5.600E+07 
OH+CH3<=>CH2(S)+H20 6.440E+17 
OH+CH4<=>CH3+H20 1.000E+08 
OH+CO<=>H+C02 4.760E+07 
OH+HCO<=>H2O+CO 5.000E+13 
OH+CH2O<=>HCO+H20 3.430E+09 
OH+CH2OH<=>H20+CH2O 5.000E+12 
OH+CH30<=>H20+CH2O 5.000E+12 
OH+CH30H<=>CH2OH+H20 1.440E+06 
OH+CH30H<=>CH30+H2O 6.300E+06 
OH+C2H<=>H+HCCO 2.000E+13 
OH+C2H2<=>H+CH2CO 2.180E-04 
OH+C2H2<=>H+HCCOH 5.040E+05 
OH+C2H2<=>C2H+H20 3.370E+07 
OH+C2H2<=>CH3+CO 4.830E-04 
OH+C2H3<=>H20+C2H2 5.000E+12 
OH+C2H4<=>C2H3+H20 3.600E+06 
OH+C2H6<=>C2H5+H20 3.540E+06 
OH+CH2CO<=>HCCO+H20 7.500E+12 
2H02<=>02+H202 1.300E+11 
DUPLICATE 
2H02<=>02+H202 4.200E+14 
DUPLICATE 
HO2+CH2<=>OH+CH2O 2.000E+13 
H02+CH3<=>02+CH4 1.000E+12 
H02+CH3<=>OH+CH30 3.780E+13 
HO2+CO<->OH+CO2 1.500E+14 
H02+CH20<=>HCO+H202 5.600E+06 
C+02<=>O+CO 5.800E+13 
C+CH2<=>H+C2H 5.000E+13 
C+CH3<=>H+C2H2 5.000E+13 
CH+02<=>O+HCO 6.710E+13 
CH+H2<=>H+CH2 1.080E+14 
CH+H20<=>H+CH2O 5.710E+12 
CH+CH2<=>H+C2H2 4.000E+13 
CH+CH3<=>H+C2H3 3.000E+13 
CH+CH4<=>H+C2H4 6.000E+13 
CH+CO(+M)<=>HCCO(+M) 5.000E+13 
LOW / 2.690E+28 -3. 740 1936.00/ 
TROE/ . 5757 237.00 1652.00 
5069.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
. 70/ 
CH+C02<->HCO+CO 1.900E+14 
CH+CH2O<=>H+CH2CO 9.460E+13 
CH+HCCO<=>CO+C2H2 5.000E+13 
CH2+02=>OH+H+CO 5.000E+12 
CH2+H2<=>H+CH3 5.000E+05 
2CH2<=>H2+C2H2 1.600E+15 
CH2+CH3<=>H+C2H4 4.000E+13 
CH2+CH4<=>2CH3 2.460E+06 
CH2+CO(+M)<=>CH2CO(+M) 8.100E+11 
LOW / 2.690E+33 -5. 110 7095.00/ 
TROE/ . 5907 275.00 1226.00 5185.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
. 70/ 
CH2+HCCO<=>C2H3+CO 3.000E+13 
CH2(S)+N2<=>CH2+N2 1.500E+13 
CH2(S)+AR<=>CH2+AR 9.000E+12 
CH2(S)+02<->H+OH+CO 2.800E+13 
C2H6/3.00/ 
1.600 
-1.340 
1.600 
1.228 
. 000 
1.180 
. 000 
. 000 2.000 
2.000 
. 000 
4.500 - 
2.300 1 
2.000 1 
4.000 - 
. 000 
2.000 
2.120 
. 000 
. 000 
5420.00 
1417.00 
3120.00 
70.00 
. 00 
-447.00 
. 00 
. 00 
-840.00 
1500.00 
. 00 
-1000.00 
13500.00 
14000.00 
-2000.00 
. 00 
2500.00 
870.00 
2000.00 
-1630.00 
. 000 12000.00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 23600.00 
2.000 12000.00 
. 000 576.00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 3110.00 
. 000 -755.00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
C2H6/3.00/ AR/ 
. 000 15792.00 
. 000 -515.00 
. 000 . 00 
. 000 1500.00 
2.000 7230.00 
. 000 11944.00 
. 000 . 00 
2.000 8270.00 
. 500 4510.00 
C2H6/3.00/ AR/ 
. 000 . 00 
. 000 600.00 
. 000 600.00 
. 000 . 00 
Appendix A 302 
CH2(S)+02<=>CO+H2O 1.200E+13 . 000 . 00 
CH2(S)+H2<=>CH3+H 7.000E+13 . 000 . 00 
CH2(S)+H20(+M)<=>CH30H(+M) 4.820E+17 -1.160 1145.00 
LOW / 1.880E+38 -6. 360 5040.00/ 
TROE/ . 6027 208.00 
3922.00 10180.0 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ 
CH2(S)+H20<=>CH2+H20 3.000E+13 . 000 . 00 
CH2(S)+CH3<=>H+C2H4 1.200E+13 . 000 -570.00 
CH2(S)+CH4<=>2CH3 1.600E+13 . 000 -570.00 
CH2(S)+CO<->CH2+CO 9.000E+12 . 000 . 00 
CH2(S)+CO2<=>CH2+CO2 7.000E+12 . 000 . 00 
CH2(S)+CO2<=>CO+CH2O 1.400E+13 . 000 . 00 
CH2(S)+C2H6<=>CH3+C2H5 4.000E+13 . 000 -550.00 
C1-13+02<=>O+C1130 3.560E+13 . 000 30480.00 
CH3+02<=>OH+CH20 2.310E+12 . 000 20315.00 
CH3+H202<=>1102+C114 2.450E+04 2.470 5180.00 
2CH3(+M)<=>C2H6(+M) 6.770E+16 -1.180 654.00 
LOW / 3.400E+41 -7. 030 2762.00/ 
TROE/ . 6190 73.20 1 180.00 
9999.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
2CH3<=>H+C2H5 6.840E+12 . 100 10600.00 
CH3+HCO<=>CH4+CO 2.648E+13 . 000 . 00 
CH3+CH20<=>HCO+CH4 3.320E+03 2.810 5860.00 
C113+CH30H<=>CH20H+CH4 3.000E+07 1.500 9940.00 
CH3+CH30H<=>CH30+CH4 1.000E+07 1.500 9940.00 
CH3+C2114<=>C2H3+CH4 2.270E+05 2.000 9200.00 
CH3+C2H6<=>C2H5+CH4 6.140E+06 1.740 10450.00 
HCO+H20<=>H+CO+H20 1.500E+18 -1.000 17000.00 
HCO+M<=>H+CO+M 1.870E+17 -1.000 17000.00 
H2/2.00/ H20/ . 00/ CH4/2.00/ 
CO/1.50/ C02/2.00/ C2H6/3.00/ 
HCO+02<=>1102+C0 13.45E+12 . 000 400.00 
CH2OH+02<=>HO2+CH2O 1.800E+13 . 000 900.00 
CH30+02<=>1102+C1120 4.280E-13 7.600 -3530.00 
C2H+02<=>HCO+CO 1.000E+13 . 000 -755.00 
C2H+H2<=>H+C2H2 5.680E+10 0.900 1993.00 
C2H3+02<=>HCO+CH20 4.580E+16 -1.390 1015.00 
C2114(+M)<=>H2+C2H2(+M) 8.000E+12 . 440 86770.00 
LOW / 1.580E+51 -9. 300 97800.00/ 
TROE/ . 7345 180.00 1035.00 
5417.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
C2H5+02<=>H02+C2H4 8.400E+11 . 000 3875.00 
H000+02<=>OH+2CO 3.200E+12 . 000 854.00 
2H000<=>2C0+C2H2 1.000E+13 . 000 . 00 
N+NO<=>N2+0 2.700E+13 . 000 355.00 
N+02<=>N0+O 9.000E+09 1.000 6500.00 
N+OH<=>NO+H 3.360E+13 . 000 385.00 
N20+0<=>N2+02 1.400E+12 . 000 10810.00 
N20+0<=>2N0 2.900E+13 . 000 23150.00 
N20+H<=>N2+OH 3.870E+14 . 000 18880.00 
N20+OH<=>N2+H02 2.000E+12 . 000 21060.00 
N20(+M)<=>N2+0(+M) 7.910E+10 . 000 56020.00 
LOW / 6.370E+14 . 000 56640.00/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 625/ 
H02+NO<=>N02+O11 2.110E+12 . 000 -480.00 
NO+O+M<=>N02+M 1.060E+20 -1.410 . 00 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
N02+0<=>NO+02 3.900E+12 . 000 -240.00 
Appendix A 302 
CH2(S)+02<=>CO+H20 1.200E+13 
CH2(S)+H2<=>CH3+H 7.000E+13 
CH2(S)+H20(+M)<->CH30H(+M) 4.820E+17 
LOW / 1.880E+38 -6.360 5040.00/ 
TROE/ . 6027 208.00 
3922.00 10180.0 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
CH2(S)+H20<->CH2+H20 3.000E+13 
CH2(S)+CH3<=>H+C2H4 1.200E+13 
CH2(S)+CH4<=>2CH3 1.600E+13 
CH2(S)+CO<=>CH2+C0 9.000E+12 
CH2(S)+CO2<->CH2+CO2 7.000E+12 
CH2(S)+CO2<->CO+CH20 1.400E+13 
CH2(S)+C2H6<=>CH3+C2H5 4.000E+13 
CH3+02<=>O+CH30 3.560E+13 
CH3+02<=>OH+CH20 2.310E+12 
CH3+H202<=>H02+CH4 2.450E+04 
2CH3(+M)<=>C2H6(+M) 6.770E+16 
LOW / 3.400E+41 -7. 030 2762.00/ 
TR0E/ . 6190 73.20 
1 180.00 9999.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
. 70/ 
2CH3<=>H+C2H5 6.840E+12 
CH3+HCO<=>CH4+C0 2.648E+13 
CH3+CH2O<=>HCO+CH4 3.320E+03 
CH3+CH30H<=>CH2OH+CH4 3.000E+07 
CH3+CH30H<=>CH30+CH4 1.000E+07 
CH3+C2H4<->C2H3+CH4 2.270E+05 
CH3+C2H6<=>C2H5+CH4 6.140E+06 
HCO+H20<=>H+CO+H20 1.500E+18 
HCO+M<=>H+CO+M 1.870E+17 
H2/2.00/ H20/ . 00/ CH4/2.00/ 
CO/1.50/ C02/2.00/ 
HCO+02<=>HO2+CO 13.45E+12 
CH2OH+02<=>HO2+CH2O 1.800E+13 
CH30+02<=>H02+CH20 4.280E-13 
C2H+02<=>HCO+CO 1.000E+13 
C2H+H2<=>H+C2H2 5.680E+10 
C2H3+02<=>HCO+CH2O 4.580E+16 
C2H4(+M)<=>H2+C2H2(+M) 8.000E+12 
LOW / 1.580E+51 -9. 300 97800.00/ 
TROE/ . 7345 180.00 1035.00 
5417.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
. 70/ 
C2115+02<=>H02+C2H4 8.400E+11 
HCCO+02<=>OH+2CO 3.200E+12 
2H000<=>2C0+C2H2 1.000E+13 
N+NO<=>N2+0 2.700E+13 
N+02<=>NO+O 9.000E+09 
N+OH<->NO+H 3.360E+13 
N20+0<=>N2+02 1.400E+12 
N20+0<=>2NO 2.900E+13 
N20+H<=>N2+OH 3.870E+14 
N20+OH<=>N2+HO2 2.000E+12 
N20(+M)<=>N2+0(+M) 7.910E+10 
LOW / 6.370E+14 . 000 56640.00/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ 
. 625/ 
H02+NO<=>NO2+OH 2.110E+12 
NO+O+M<->NO2+M 
H2/2.00/ H20/6.00/ 
. 70/ 
N02+0<s>NO+02 
2.110E+12 . 000 -480.00 
1.060E+20 -1.410 . 00 
CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 000 . 00 
. 000 . 00 
-1.160 1145.00 
C2H6/3.00/ 
. 000 . 00 
. 000 -570.00 
. 000 -570.00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 -550.00 
. 000 30480.00 
. 000 20315.00 
2.470 5180.00 
-1.180 654.00 
C2HG/3.00/ AR/ 
. 100 10600.00 
. 000 . 00 2.810 5860.00 
1.500 9940.00 
1.500 9940.00 
2.000 9200.00 
1.740 10450.00 
-1.000 17000.00 
-1.000 17000.00 
C2H6/3.00/ 
. 000 400.00 
. 000 900.00 
7.600 -3530.00 
. 000 -755.00 
0.900 1993.00 
-1.390 1015.00 
. 440 86770.00 
C2H6/3.00/ AR/ 
. 000 3875.00 
. 000 854.00 
. 000 . 00 
. 000 355.00 
1.000 6500.00 
. 000 385.00 
. 000 10810.00 
. 000 23150.00 
. 000 18880.00 
. 000 21060.00 
. 000 56020.00 
. 50/ C02/2.00/ C2HG/3.00/ AR/ 
3.900E+12 . 000 -240.00 
Appendix A 303 
N02+H<=>NO+OH 1.320E+14 . 000 360.00 
NH+O<=>NO+H 4.000E+13 . 000 . 00 
NH+H<=>N+H2 3.200E+13 . 000 330.00 
NH+OH<=>HNO+H 2.000E+13 . 000 . 00 
NH+OH<=>N+H20 2.000E+09 1.200 . 00 
NH+02<=>HNO+O 4.610E+05 2.000 6500.00 
NH+02<=>NO+OH 1.280E+06 1.500 100.00 
NH+N<->N2+H 1.500E+13 . 000 . 00 
NH+H20<=>HNO+H2 2.000E+13 . 000 13850.00 
NH+NO<=>N2+OH 2.160E+13 -. 230 . 00 
NH+NO<=>N20+H 3.650E+14 -. 450 . 00 
NH2+0<=>OH+NH 3.000E+12 . 000 . 00 
NH2+0<=>H+HNO 3.900E+13 . 000 . 00 
NH2+H<=>NH+H2 4.000E+13 . 000 3650.00 
NH2+OH<=>NH+H2O 9.000E+07 1.500 -460.00 
NNH<=>N2+H 3.300E+08 . 000 . 00 
NNH+M<=>N2+H+M 1.300E+14 -. 110 4980.00 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3. 00/ AR/ 
. 70/ 
NNH+02<=>H02+N2 5.000E+12 . 000 . 00 
NNH+O<=>OH+N2 2.500E+13 . 000 . 00 
NNH+O<=>NH+NO 7.000E+13 . 000 . 00 
NNH+H<=>H2+N2 5.000E+13 . 000 . 00 
NNH+OH<=>H20+N2 2.000E+13 . 000 . 00 
NNH+CH3<=>CH4+N2 2.500E+13 . 000 . 00 
H+NO+M<->HNO+M 4.480E+19 -1.320 740.00 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3. 00/ AR/ 
. 70/ 
HNO+O<=>NO+OH 2.500E+13 . 000 . 00 
HNO+H<=>H2+NO 9.000E+11 . 720 660.00 
HNO+OH<=>NO+H20 1.300E+07 1.900 -950.00 
HNO+02<=>HO2+NO 1.000E+13 . 000 13000.00 
CN+O<=>CO+N 7.700E+13 . 000 . 00 
CN+OH<=>NCO+H 4.000E+13 . 000 . 00 
CN+H20<=>HCN+OH 8.000E+12 . 000 7460.00 
CN+02<=>NCO+O 6.140E+12 . 000 -440.00 
CN+H2<=>HCN+H 2.950E+05 2.450 2240.00 
NCO+O<=>NO+CO 2.350E+13 . 000 . 00 
NCO+H<=>NH+CO 5.400E+13 . 000 . 00 
NCO+OH<=>NO+H+CO 0.250E+13 . 000 . 00 
NCO+N<=>N2+CO 2.000E+13 . 000 . 00 
NCO+02<=>NO+CO2 2.000E+12 . 000 20000.00 
NCO+M<=>N+CO+M 3.100E+14 . 000 54050.00 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3. 00/ AR/ 
. 70/ 
NCO+NO<=>N20+CO 1.900E+17 -1.520 740.00 
NCO+NO<=>N2+CO2 3.800E+18 -2.000 800.00 
HCN+M<=>H+CN+M 1.040E+29 -3.300 126600.00 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3. 00/ AR/ 
. 70/ 
HCN+O<=>NCO+H 2.030E+04 2.640 4980.00 
HCN+O<=>NH+CO 5.070E+03 2.640 4980.00 
HCN+O<->CN+OH 3.910E+09 1.580 26600.00 
HCN+OH<=>HOCN+H 1.100E+06 2.030 13370.00 
HCN+OH<=>HNCO+H 4.400E+03 2.260 6400.00 
HCN+OH<=>NH2+CO 1.600E+02 2.560 9000.00 
H+HCN(+M)<=>H2CN(+M) 3.300E+13 . 000 . 00 
LOW / 1.400E+26 -3.400 1900.00/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3. 00/ AR/ 
. 70/ 
H2CN+N<->N2+CH2 6.000E+13 . 000 400.00 
Appendix A 304 
C+N2<=>CN+N 6.300E+13 . 000 46020.00 
CH+N2<=>HCN+N 3.120E+09 0.880 20130.00 
CH+N2(+M)<=>HCNN(+M) 3.100E+12 . 150 . 
00 
LOW / 1.300E+25 -3.160 740.00/ 
TROE/ . 6670 235.00 
2117.00 4536.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
1.0/ 
CH2+N2<=>HCN+NH 
CH2(S)+N2<=>NH+HCN 
C+NO<=>CN+O 
C+NO<=>CO+N 
CH+NO<=>HCN+O 
CH+NO<=>H+NCO 
CH+NO<=>N+HCO 
CH2+NO<=>H+HNCO 
CH2+NO<=>OH+HCN 
CH2+NO<=>H+HCNO 
CH2(S)+NO<=>H+HNCO 
CH2(S)+NO<=>OH+HCN 
CH2(S)+NO<=>H+HCNO 
CH3+NO<=>HCN+H20 
CH3+NO<=>H2CN+OH 
HCNN+O<=>CO+H+N2 
HCNN+O<=>HCN+NO 
HCNN+02<=>O+HCO+N2 
HCNN+OH<=>H+HCO+N2 
HCNN+H<=>CH2+N2 
HNCO+O<=>NH+CO2 
HNCO+O<=>HNO+CO 
HNCO+O<=>NCO+OH 
HNCO+H<=>NH2+CO 
HNCO+H<=>12+NCO 
HNCO+OH<=>NCO+H20 
HNCO+OH<=>NH2+C02 
HNCO+M<=>NH+CO+M 
H2/2.00/ H20/6.00/ CH4/2.00/ 
. 70/ 
1.000E+13 
1.000E+11 
1.900E+13 
2.900E+13 
4.100E+13 
1.620E+13 
2.460E+13 
3.100E+17 
2.900E+14 
3.800E+13 
3.100E+17 
2.900E+14 
3.800E+13 
9.600E+13 
1.000E+12 
2.200E+13 
2.000E+12 
1.200E+13 
1.200E+13 
1.000E+14 
9.800E+07 
1.500E+08 
2.200E+06 
2.250E+07 
1.050E+05 
3.300E+07 
3.300E+06 
1.180E+16 
CO/1.50/ C02/2.00/ 
HCNO+H<=>H+HNCO 2.100E+15 
HCNO+H<=>OH+HCN 2.700E+11 
HCNO+H<=>NH2+CO 1.700E+14 
HOCN+H<=>H+HNCO 2.000E+07 
HCCO+NO<=>HCNO+CO 0.900E+13 
CH3+N<=>H2CN+H 6.100E+14 
CH3+N<=>HCN+H2 3.700E+12 
NH3+H<=>NH2+H2 5.400E+05 
NH3+OH<=>NH2+H20 5.000E+07 
NH3+0<=>NH2+OH 9.400E+06 
NH+C02<=>HNO+CO 1.000E+13 
CN+N02<->NCO+NO 6.160E+15 
NCO+N02<=>N20+C02 3.250E+12 
N+C02<=>NO+CO 3.000E+12 
O+CH3=>H+H2+CO 3.370E+13 
O+C2H4<=>H+CH2CHO 6.700E+06 
O+C2H5<=>H+CH3CHO 1.096E+14 
OH+H02<=>02+H20 0.500E+16 
DUPLICATE 
OH+CH3->H2+CH2O 8.000E+09 
CH+H2(+M)<=>CH3(+M) 1.970E+12 
LOW/ 4.820E+25 -2.80 590.0 / 
TROE/ . 578 122.0 2535.0 9365 .0/ 
. 000 74000.00 
. 000 65000.00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
-1.380 1270.00 
-. 690 760.00 
-. 360 580.00 
-1.380 1270.00 
-. 690 760.00 
-. 360 580.00 
. 000 28800.00 
. 000 21750.00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
. 000 . 00 
1.410 8500.00 
1.570 44000.00 
2.110 11400.00 
1.700 3800.00 
2.500 13300.00 
1.500 3600.00 
1.500 3600.00 
. 000 84720.00 
C2H6/3.00/ AR/ 
-. 690 2850.00 
. 180 2120.00 
-. 750 2890.00 
2.000 2000.00 
. 000 . 00 
-. 310 290.00 
. 150 -90.00 
2.400 9915.00 
1.600 955.00 
1.940 6460.00 
. 000 14350.00 
-0.752 345.00 
. 000 -705.00 
. 000 11300.00 
. 000 . 00 
1.830 220.00 
. 000 . 00 
. 000 17330.00 
. 500 -1755.00 
. 430 -370.00 
Appendix A 305 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
CH2+02=>211+C02 5.800E+12 . 000 1500.00 
CH2+02<=>0+CH20 2.400E+12 . 000 1500.00 
CH2+CH2->2H+C2H2 2.000E+14 . 000 10989.00 
CH2(S)+1120=>H2+CH20 6.820E+10 . 250 -935.00 
C2H3+02<=>O+CH2CHO 3.030E+11 . 290 11.00 
C2H3+02<=>H02+C2H2 1.337E+06 1.610 -384.00 
O+CH3CHO<=>OH+CH2CHO 2.920E+12 . 000 1808.00 
O+CH3CHO=>OH+CH3+CO 2.920E+12 . 000 1808.00 
02+CH3CHO=>1102+CH3+C0 3.010E+13 . 000 39150.00 
H+CH3CHO<->CH2CHO+H2 2.050E+09 1.160 2405.00 
H+CH3CHO=>CH3+H2+CO 2.050E+09 1.160 2405.00 
OH+CH3CHO=>CH3+H20+CO 2.343E+10 0.730 -1113.00 
H02+CH3CHO=>CH3+H202+CO 3.010E+12 . 000 11923.00 
CH3+CH3CHO=>CH3+CH4+CO 2.720E+06 1.770 5920.00 
H+CH2CO(+M)<=>CH2CHO(+M) 4.865E+11 0.422 -1755.00 
LOW/ 1.012E+42 -7.63 3854.0/ 
TROE/ 0.465 201.0 1773 .0 5333.0 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
O+CH2CHO=>H+CH2+CO2 1.500E+14 . 000 . 00 
02+CH2CHO=>OH+CO+CH2O 1.810E+10 . 000 . 00 
02+CH2CHO=>OH+2HCO 2.350E+10 . 000 . 00 
H+CH2CHO<=>CH3+HCO 2.200E+13 . 000 . 00 
H+CH2CHO<=>CH2CO+H2 1.100E+13 . 000 . 00 
OH+CH2CHO<=>H20+CH2CO 1.200E+13 . 000 . 00 
OH+CH2CHO<=>HCO+CH2OH 3.010E+13 . 000 . 00 
CH3+C2H5(+M)<=>C3H8(+M) . 9430E+13 . 000 . 00 
LOW/ 2.710E+74 -16.82 13065.0 / 
TROE/ . 1527 291.0 
2742.0 7748.0 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
O+C3H8<=>OH+C3H7 1.930E+05 2.680 3716.00 
H+C3118<=>C3H7+H2 1.320E+06 2.540 6756.00 
OH+C3H8<=>C3H7+H20 3.160E+07 1.800 934.00 
C3H7+H202<=>H02+C3H8 3.780E+02 2.720 1500.00 
C113+C3118<=>C3H7+CH4 0.903E+00 3.650 7154.00 
CH3+C2H4(+M)<=>C3H7(+M) 2.550E+06 1.600 5700.00 
LOW/ 3.00E+63 -14.6 18170. / 
TROE/ . 1894 277.0 87 48.0 
7891.0 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
O+C3H7<=>C2H5+CH2O 9.640E+13 . 000 . 00 
H+C3H7(+M)<=>C3H8(+M) 3.613E+13 . 000 . 00 
LOW/ 4.420E+61 -13.54 5 11357.0/ 
TROE/ . 315 
369.0 328 5.0 6667.0 / 
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
H+C3H7<=>CH3+C2H5 4.060E+06 2.190 890.00 
OH+C3H7<=>C2H5+CH2OH 2.410E+13 . 000 . 00 
H02+C3H7<=>02+C3H8 2.550E+10 0.255 -943.00 
1102+C3117=>OH+C2H5+C1120 2.410E+13 . 000 . 00 
CH3+C3H7<=>2C2H5 1.927E+13 -0.320 . 00 
END 
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A. 5 San Diego mechanism 
The mechanism was developed by Centre for Energy Research. It is in 
CHEMKIN format. The mechanism considers 228 reactions of 53 species. 
ELEMENTS 
N AR H0C HE 
END 
SPECIES 
N2 AR HE H 02 OH 0 H2 
H2O H02 H202 CO C02 HCO CH2O CH4 
CH3 T-CH2 S-CH2 C2H4 CH30 C2H5 C2H6 CH 
C2H2 C2H3 CH2CHO C2H40 CH2CO HCCO C2H CH2OH 
CH30H C2H50H CH3CHO CH3CHOH CH2CH2OH CH3CO CH3CH2O 
C3H4 C3H3 C3H5 C3H6 C3H8 I-C3H7 N-C3H7 
END 
REACTIONS 
! HYDROGEN-OXYGEN CHAIN 
! Ref: Rightley and Williams, 1997 
H+02<=>OH+O 3.520e+16 -0.700 17069.79 
H2+O<=>OH+H 5.060e+04 2.670 6290.63 
H2+OH<=>H20+H 1.170e+09 1.300 3635.28 
H20+0<=>2 OH 7.600e+00 3.840 12779.64 
! DIRECT RECOMBINATION 
! Ref: Saxena and Williams, 2005 
H+H+M<=>H2+M 1.300e+18 -1.000 0.00 
H2/2.5/ H20/12.0/ CO/1.90/ C02/3.80/ AR/0.5/ HE/0.5/ 
H+OH+M<=>H2O+M 4.00e+22 -2.000 0.00 
H2/2.50/ H20/12.0/ CO/1.90/ C02/3.80/ AR/0.38/ HE/0.38/ 
O+O+M<=>02+M 6.170e+15 -0.500 0.00 
H2/2.50/ H20/12.00/ CO/1.90/ C02/3.80/ AR/0.2/ HE/0.2/ 
H+O+M<=>OH+M 4.71E+18 -1.000 0.00 
H2/2.5/ H20/12.0/ AR/0.75/ HE/0.75/ CO/1.90/ C02/3.80/ 
O+OH+M<=>H02+M 8.0E15 0.000 0.00 
H2/2.5/ H20/12.0/ AR/0.75/ HE/0.75/CO/1.90/ C02/3.80/ 
! HYDROPEROXYL REACTIONS 
! Ref: Troe, 2000; Saxena and Williams, 2005 
H+02(+M)<=>H02(+M) 4.650e+12 0.440 0.00 
LOW /5.75E+19 -1.4 0.0 / 
TROE/ 0.5 1E-30 1E+30 / 
AR/0.7/ HE/0.7/ 02/1.0/ H20/16.00/ H2/2.5/ CO/1.2/ C02/2.4/ 
C2H6/1.5/ 
! Ref: Mueller et al., 1999 
H02+H<->2 OH 7.08E+13 
H02+H<->H2+02 1.66E+13 
8.23E+02 
! Ref: Rightley and Williams, 1997 
H02+H<->H2O+0 3.100e+13 
! Ref: Warnatz, 1984 
0.000 295.0 
0.000 
0.000 1720.84 
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H02+0<=>OH+02 2.000e+13 0.000 0.00 
! Ref: Rightley and Williams, 1997 
H02+OH<=>H20+02 2.890e+13 0.000 -497.13 
! HYDROGEN PEROXIDE REACTIONS 
IRef: Petersen et al., 1999; Saxena and Williams, 2005 
! Change due to new OH thermodata 
2 OH(+M)<=>H202(+M) 7.400e+13 -0.370 0.00 
LOW / 2.300e+18 -0.900 -170 1.72 / 
TROE/ 0.735 94 1756 5182 / 
AR/0.40/ HE/0.40/ H2/2.00/ H20/6.00/ CO/1.50/ C02/2.00/ CH4/2.0/ 
C2H6/3.0/ 
! Ref: Rightley and Williams, 1997 
2 H02<=>H202+02 3.020e+12 0.000 1386.23 
! Ref: Yetter et al., 1991 
H202+H<=>H02+H2 4.790e+13 0.000 7958.89 
H202+H<=>H20+OH 1.000e+13 0.000 3585.09 
! Ref: Rightley and Williams, 1997 
H202+OH<=>H20+H02 7.080e+12 0.000 1434.03 
H202+0<->HO2+OH 9.630e+06 2.000 3991.40 
! CONVERSION OF CO TO C02 
! Ref: Rightley and Williams, 1997 
CO+OH<->CO2+H 4.400e+06 1.500 -740.92 
CO+HO2<=>CO2+OH 6.00e+13 0.000 22944.55 
! Ref: Saxena and Williams, 2005 
CO+02=CO2+0 1.0E+12 0.00 47700 
! FORMYL (HCO) REACTIONS 
! Ref: Lindstedt et al., 1997 
HCO+M<=>CO+H+M 1.860e+17 -1.000 17000.48 
H2/1.90/ H20/12.00/ CO/2.50/ C02/2.50/ 
! Ref: Saxena and Williams, work in progress 
HCO+H<=>CO+H2 5.000e+13 0.000 0.00 
! Ref: Rightley and Williams, 1997 
HCO+O<=>CO+OH 3.000e+13 0.000 0.00 
HCO+0<=>CO2+H 3.000e+13 0.000 0.00 
! Ref: Tsang, 1986 
HCO+OH<=>CO+H20 3.0e+13 0.000 0.00 
! Ref: Timonen et al., 1988 
HCO+02=CO+HO2 7.58E+12 0.00 410.0 
! Ref: Saxena and Williams, work in progress 
HCO+ CH3 = CO + CH4 5.00E+13 0.00 0.00 
! FORMALDEHYDE (CH2O) REACTIONS 
! Ref: GRI v. 1.2 
H+HCO(+M)<=>CH2O(+M) 1.090E+12 0.480 -260.00 
LOW / 1.350E+24 -2. 570 425.00/ 
TROE/ . 7824 271.00 2755.00 6570.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
! Ref: Juan Li, 2004 
CH2O +H= HCO + H2 5.74E+07 1.9 2748.6 
! Ref: Rightley and Williams, 1997 
CH20+0<=>HCO+OH 3.500e+13 0.000 3513.38 
CH2O+OH<=>HCO+H2O 3.900e+10 0.890 406.31 
! Ref Baulch et al., 1992 
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CH2O + 02 - HCO + H02 6E+13 0 40674. 
! Ref Eiteneer et al., 1998 
CH2O + H02 - HCO + H202 4.11e+4 2.5 10210.3 
! METHANE (CH4) Consumption 
! Ref: Hewson and Williams, 1999 
CH4+H<=>112+CH3 1.300e+04 3.000 8037.76 
CH4+OH<=>H20+CH3 1.600e+07 1.830 2782.03 
! Ref: Frenklach et al., 1992 
CH4+0<=>CH3+OH 1.900e+09 1.440 8675.91 
! Ref: Lindstedt et al., 1997: acetylene; Li, 2000 : methane ign 
CH4+02<=>C113+1102 3.980e+13 0.000 56890.54 
CH4+H02<=>C113+H202 9.030e+12 0.000 24641.49 
! METHYL (CH3) Reactions 
! Ref: Frenklach et al., 1992 
CH3+H<=>T-CH2+H2 1.800e+14 0.000 15105.16 
CH3+H<=>S-CH2+H2 1.550e+14 0.000 13479.92 
! Ref: Grotheer et al., 1992; Saxena a nd Williams, work in 
progress 
CH3+OH<=>S-CH2+H20 4.000e+13 0.000 2502.39 
! Ref: Frenklach et al., 1992 
CH3+0<=>CH20+H 8.430e+13 0.000 0.00 
! Ref: Baulch et al., 1992 
CH3+T-CH2<=>C2H4+H 4.220e+13 0.000 0.00 
! Ref: Frenklach et al., 1992 
! modification: preexponential 'a' has been changed to -improve 
ignition-time calculations 
CH3+HO2<=>CH3O+OH 5.000e+12 0.000 0.00 
! Ref: Zellner et al. 1988 
CH3+02<=>CH2O+OH 3.300e+11 0.000 8941.20 
CH3+02<=>CH30+0 1.1E13 0.0 27.82E3 
! Ref: Hidaka et al., 1990 
CH3+CH3<=>C2H4+H2 1.000e+14 0.000 32002.87 
! Ref: Lim and Michael, 1994 
CH3+CH3<=>C2H5+H 3.160e+13 0.000 14698.85 
! GRI v. 3.0 
H+CH3(+M)<=>CH4(+M) 12.70E+15 -. 63 383.00 
LOW / 2.470E+33 -4.760 244 0.00/ 
TROE/ . 7830 74.00 2941.00 6964.00 
/ 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ AR/ .7 0/ 
! Ref: Hewson and Williams, 1999 
2 CH3(+M)<=>C2H6(+M) 1.810e+13 0.000 0.00 
LOW / 1.270e+41 -7.000 276 2.91 / 
TROE/ 0.62 73.00 1180.00 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ C2H6/3. 00/ AR/ 
. 70/ 
I SINGLET METHYLENE (S-CH2) REACTIONS 
IRef: Frenklach et al., 1992 
S-CH2+OH<=>CH2O+H 3.000e+13 0.000 0.00 
S-CH2+02<=>CO+OH+H 3.130e+13 0.000 0.00 
! Ref: Leung et al., 1995 
S-CH2+CO2<=>CO+CH2O 3.000e+12 0.000 0.00 
tRef: Frenklach et al., 1992 
S-CH2+M<=>T-CH2+M 6.000e+12 0.000 0.00 
H2/2.40/ H20/15.40/ CO/1.80/ C02/3.60/ 
I TRIPLET METHYLENE (T-CH2) REACTIONS 
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! Ref: Baulch et al., 1992 
T-CH2+H<=>CH+H2 
! Ref: Frenklach et al., 1992 
T-CH2+OH<=>CH20+H 
T-CH2+OH<=>CH+H20 
! Ref: Frank et al., 1986: 2lstsymp 
T-CH2+O<=>CO+2H 
T-CH2+O<=>CO+H2 
! Ref: Leung et al. 1995 
T-CH2+02<=>CO2+H2 
T-CH2+02<=>CO+OH+H 
! Ref: Frenklach et al., 1992 
T-CH2+T-CH2<=>C2H2+2H 
! METHYNE (CH) REACTIONS 
! Ref: Peters, 1993 
CH+O<=>CO+H 
! Ref: Markus et al., 1996 
CH+02<=>HCO+O 
! Ref: Leung et al., 1995 
CH+H20<=>CH2O+H 
! Ref: Markus et al., 1996 
CH+C02<=>HCO+CO 
6.020e+12 0.000 -1787.76 
2.500e+13 0.000 0.00 
1.130e+07 2.000 2999.52 
8.000e+13 0.000 0.00 
4.000e+13 0.000 0.00 
2.630e+12 0.000 1491.40 
6.580e+12 0.000 1491.40 
1.000e+14 0.000 0.00 
4.000e+13 0.000 0.00 
1.770e+11 0.760 -478.01 
1.170e+15 -0.750 0.00 
4.800e+01 3.220 -3226.58 
! METHOXY (CH30) REACTIONS 
! Ref: Li and Williams, 1998 
C1130+H<=>CH20+H2 2.000e+13 0.000 0.00 
CH30+H<=>S-CH2+H20 1.600e+13 0.000 0.00 
CH30+OH<=>CH20+H20 5.000e+12 0.000 0.00 
CH30+0<=>OH+CH20 1.000e+13 0.000 0.00 
CH30+02<=>C1120+H02 4.280e-13 7.600 -3537.28 
! Ref: Saxena and Williams, work in progress 
CH30+M<=>CH20+H+M 7.7800e+13 0.000 13513.3 
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ AR/ . 70/ 
! ETHANE (C2H6) REACTION 
! Ref: Frenklach et al., 1992 
C2H6+H<=>C2H5+H2 5.400e+02 3.500 5210.33 
C2H6+0<=>C2H5+OH 1.400e+00 4.300 2772.47 
C2H6+0H<=>C2H5+H20 2.200e+07 1.900 1123.33 
C2H6+CH3<=>C2H5+CH4 5.500e-01 4.000 8293.50 
! Ref: Hewson and Williams, 1999; GRI v. 2.11 
! Ref: Saxena and Williams, work in progress 
C2H6(+M)<=>C2H5+H(+M) 8.850e+20 -1.230 102222.75 
LOW / 4.900e+42 -6.430 107170.17 / 
TROE/ 0.84 125.00 2219.00 6882.00 / 
H2/2.00/ H20/6.00/ CH4/2.00 / CO/1.50/ C02/2.00/ C2H6/3.00/ AR/ 
. 70/ 
! Ref: Baulch et al., 1992; Saxena and Williams, work in progress 
C2116+H02<=>C2H5+H202 1.32E13 0 20470 
! ETHYL (C2H5) REACTIONS 
! Ref: Frenklach et al., 1992 
C2H5+H<=>C2H4+H2 3.000e+13 0.000 0.00 
C2115+0<=>C2H4+OH 3.060e+13 0.000 0.00 
C2H5+0<=>CH3+CH20 4.240e+13 0.000 0.00 
C2H5+02<=>C2H4+HO2 2.000e+12 0.000 4995.22 
! Ref: Feng, 1993; Saxena and Williams, work in progress 
C2H5(+M)<=>C2H4+H(+M) 1.110e+10 1.037 36768.64 
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LOW / 3.990e+33 -4.990 40000.00 / 
TROE/ 0.168 1203.00 0.00 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ AR/ . 70/ 
! ETHENE (C2H4) REACTIONS 
! Ref: Bhargava et al., 1998 
C2H4+H<=>C2H3+H2 4.490e+07 2.120 13360.42 
C2H4+OH<=>C2H3+H20 5.530e+05 2.310 2963.67 
! Ref: Baulch et al., 1992 
C2H4+0<=>CH3+HCO 2.250e+06 2.080 0.00 
C2H4+0<=>CH2CHO+H 1.210e+06 2.080 0.00 
! Ref: Hidaka et al., 1999 
C2H4+C2H4<->C2H3+C2H5 5.010e+14 0.000 64700.05 
! Ref: Marinov, 1995 
C2H4+02<=>C2H3+H02 4.220e+13 0.000 57623.09 
! Ref: Baulch et al., 1992 
C2H4+H02<=>C2H40+OH 2.230e+12 0.000 17189.29 
C2H40+H02<=>CH3+CO+H202 4.000e+12 0.000 17007.65 
! Ref: Baulch et al., 1994; Saxena and Williams, work in progress 
C2H4+M<=>C2H3+H+M 2.600e+17 0.000 96568.12 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ AR/ . 70/ 
C2H4+M<=>C2H2+H2+M 3.500e+16 0.000 71532.03 
H2/2.00/ H20/6.00/ CH4/2.00/ C0/1.50/ C02/2.00/ AR/ . 70/ 
! VINYL (C2H3) REACTIONS 
! Ref: Saxena and Williams, work in progress 
C2H3+H<=>C2H2+H2 4. Oe+13 0.000 0.00 
! Ref: Varatharajan and Williams, 2001; Saxena and Williams, work 
in progress 
C2H3(+M)<=>C2H2+H(+M) 6.380e+09 1.000 37626.67 
LOW / 1.510e+14 0.100 32686.42 / 
TROE/ 0.3 le+30 le-30 / 
H2/2.00/ H20/6.00/ CH4/2.00/ CO/1.50/ C02/2.00/ AR/ . 70/ 
! Ref: Marinov and Pitz, 1998 
C2H3+02<=>CH20+HCO 1.700e+29 -5.312 6503.11 
IRef: Varatharajan and Williams, 2001; Marinov and Pitz, 1998 
C2113+02<=>CH2CHO+O 7.000e+14 -0.611 5262.43 
! Ref: Varatharajan and Williams, 2001; Marinov and Pitz, 1998 
C21-13+02<=>C2H2+H02 5.190e+15 -1.260 3312.62 
! ACETYLENE (C2H2) REACTIONS 
! Ref: Frank et al., 1986 
C2H2+0<=>HCCO+H 4.000e+14 0.000 10659.66 
C2H2+0<=>T-CH2+CO 1.600e+14 0.000 9894.84 
! Ref: Laskin et al., 1999 
C2H2+02<=>CH20+CO 4.600e+15 -0.540 44933.08 
! Ref: Lindstedt et al., 1997; Waly and Williams, 2001 
C2H2+OH<=>CH2CO+H 1.900e+07 1.700 999.04 
C2H2+OH<=>C2H+H20 3.370e+07 2.000 14000.96 
! CH2CO REACTIONS 
! Ref: Petrova and Williams, 2005 
CH2CO+H<=>CH3+CO 1.500e+09 1.430 2688.81 
! Ref: Lindstedt et al., 1997; Waly and Williams, 2001 
CH2CO+O<=>T-CH2+C02 2.000e+13 0.000 2294.46 
CH2CO+O<=>HCCO+OH 1.000e+13 0.000 2000.48 
CH2CO+CH3<=>C2H5+CO 9.000e+10 0.000 0.00 
! HCCO REACTIONS 
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! Ref: Frank et al., 1986 
HCCO+H<=>S-CH2+CO 1.500e+14 0.000 0.00 
! Ref: Westbrook, 1984 
HCCO+OH<=>HCO+CO+H 2.000e+12 0.000 0.00 
! Ref: Frank et al., 1986 
HCCO+O<=>2 CO+H 9.640e+13 0.000 0.00 
! Ref: Varatharajan and Williams, 2001 
HCCO+02<=>2 CO+OH 2.880e+07 1.700 1001.43 
HCCO+02<=>C02+CO+H 1.400e+07 1.700 1001.43 
! C2H FORMATION AND CONSUMPTION 
! Ref: Frenklach et al., 1992; Waly and Williams, 2001 
C2H+OH<=>HCCO+H 2.000e+13 0.000 0.00 
C2H+O<=>CO+CH 1.020e+13 0.000 0.00 
C2H+02<=>HCCO+O 6.020e+11 0.000 0.00 
C2H+02<=>CH+C02 4.500e+15 0.000 25095.60 
C2H+02<=>HCO+CO 2.410e+12 0.000 0.00 
! HYDROXYMETHYL (CH2OH) REACTIONS 
! Ref: Li and Williams, 1998 
CH2OH +H- CH2O + H2 3.000E+13 0.00 0.000E+00 
! Ref: Saxena and Williams, work in progress 
CH2OH+H<=>CH3+OH 2.5E+17 -0.93 5126.8 
! Ref: Li and Williams, 1998 
CH2OH+OH<->CH2O+H20 2.400e+13 0.000 0.00 
CH20H+02<=>CH20+HO2 5.000e+12 0.000 0.00 
CH2OH+M<=>CH2O+H+M 5.000e+13 0.000 25119.50 
H2/2.00/ H20/6.00/ CO/1.50/ C02/2.00/ CH4/2.00/ AR/ . 70/ 
CH30+M<=>CH20H+M 1.000e+14 0.000 19120.46 
H2/2.00/ H20/6.00/ CO/1.50/ C02/2.00/ CH4/2.00/ AR/ . 70/ 
CH2CO+OH<=>CH2OH+CO 1.020e+13 0.000 0.00 
! METHANOL (CH30H) REACTIONS 
! Ref: Li and Williams, 1998 
CH3OH+OH<=>CH2OH+H2O 1.440e+06 2.000 -838.91 
! Ref: Saxena and Williams, work in progress 
CH3OH+OH<=>CH30+H2O 4.40e6 2.000 1505.74 
! Ref: Jodkowski et al., 1999: RRKM 
CH30H +H= CH2OH + H2 1353.8 3.2 3490.7 
CH30H +H= CH3O + H2 68.3 3.4 7240 
! Ref: Li and Williams, 1998 
CH30H+O<=>CH2OH+OH 1.000e+13 0.000 4684.51 
C1130H+H02<=>CH2OH+x202 6.200e+12 0.000 19383.37 
CH30H+02<=>CH2OH+H02 2.000e+13 0.000 44933.08 
! Ref: Held et al., 1999; Saxena and Williams, work in progress 
CH30H(+M)<=>CH3+OH(+M) 1.9e16 0 91730 
LOW / 2.95e44 -7.35 95460/ 
TROE/ 0.414 279 5459 / 
H2/2.00/ H20/6.00/ CO/1.50/ C02/2.00/ CH4/2.00/ AR/ . 70/ 
! CH2CHO REACTIONS 
! Ref: Marinov, 1995 
CH2CHO<=>CH2CO+H 
! Ref: Juan Li, 2004: thesis 
CH2CHO+H=CH3+HCO 
CH2CHO+H=CH2CO+H2 
CH2CHO+O=CH2O+HCO 
CH2CHO+OH=CH2CO+H20 
CH2CHO+02=CH2O+CO+OH 
CH2CHO+CH3=C2H5+CO+H 
1.047e+37 -7.189 44340.34 
5.0E+13 0.0 0.0 
2.0E+13 0.0 0.0 
1.0E+14 0.0 0.0 
3.0E+13 0.0 0.0 
3.0E+10 0.0 0.0 
4.9E+14 -0.5 0.0 
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CH2CHO+HO2=CH2O+HCO+OH 7.0E+12 0.0 0.0 
CH2CHO+H02=CH3CHO+02 3.0E+12 0.0 0.0 
CH2CHO=CH3+CO 1.17E+43 -9.8 
43800 
! ETHANOL (C2HSOH) SUBMECHANISM 
! ACETALDEHYDE (CH3CHO) REACTIONS 
! Ref: Juan Li, 2004: thesis 
CH3CHO<=>CH3+HCO 7.0E+15 0.0 8.17E+04 
CH3CO(+M)<->CH3+CO(+M) 3.0E+12 0.0 1.67E+04 
LOW / 1.2E+15 0.0 1.25E+04/ 
H2/2.00/ H20/6.00/ CO/1.50/ C02/2.00/ CH4/2.00/ AR/ . 70/ 
CH3CHO+OH<=>CH3CO+H20 3.37E+12 0.0 -6.2E+02 
CH3CHO+OH« >CH2CHO+H20 3.37E+11 0.0 -6.2E+02 
CH3CHO+O<=>CH3CO+OH 1.77E+18 -1.9 2.98E+03 
CH3CHO+O<->CH2CHO+OH 3.72E+13 -0.2 3.56E+03 
CH3CHO+H<=>CH3CO+H2 4.66E+13 -0.3 2.99E+03 
CH3CHO+H<=>CH2CHO+H2 1.85E+12 0.4 5.36E+03 
CH3CHO+CH3<->CH3CO+CH4 3.9E-07 5.8 2.20E+03 
CH3CHO+CH3<=>CH2CHO+CH4 2.45E+01 3.1 5.73E+03 
CH3CHO+HO2<=>CH3CO+H202 3.60E+19 -2.2 1.40E+04 
CH3CHO+HO2<=>CH2CHO+H202 2.32E+11 0.4 1.49E+04 
CH3CHO+02<=>CH3CO+H02 1.0E+14 0.0 4.22E+ 04 
! ETHANOL (C2H5OH) REACTIONS 
! Ref: Saxena and Williams, 
C2H5OH(+M)=CH3+CH2OH(+M) 
LOW /3E16 0.0 
TROE/ 0.5 1E-30 
H2/2.00/ H20/6.00/ CO/1.50/ 
C2HSOH(+M)<=>C2H4+H20(+M) 
LOW /1E17 0.0 
TROE/ 0.5 1E-30 
H2/2.00/ H20/6.00/ CO/1.50/ 
! Ref: Juan Li, 2004: thesis 
C2H50H+OH<=>CH2CH20H+H20 
C2H50H+OH<=>CH3CHOH+H20 
C2HSOH+OH<=>CH3CH2O+H20 
C2H50H+H<=>CH2CH2OH+H2 
C2HSOH+H<=>CH3CHOH+H2 
C2H50H+H<=>CH3CH2O+H2 
C2H50H+O<=>CH2CH2OH+OH 
C2H50H+O<=>CH3CHOH+OH 
C2HSOH+O<=>CH3CH2O+OH 
C2H50H+CH3<=>CH2CH2OH+CH4 
C2H5OH+CH3<=>CH3CHOH+CH4 
C2HSOH+CH3<=>CH3CH2O+CH4 
C2H50H+HO2<=>CH3CHOH+H202 
C2H50H+HO2<=>CH2CH2OH+H202 
C2H50H+H02<=>CH3CH2O+H202 
work in progress 
5E15 0.0 82000 
58000/ 
1E+30 / 
C02/2.00/ CH4/2.00/ AR/ . 70/ 
8E13 0.0 65000 
54000/ 
1E+30 / 
C02/2.00/ CH4/2.00/ AR/ . 70/ 
1.81E+11 0.4 7.17E+02 
3.09E+10 0.5 -3.8E+02 
1.05E+10 0.8 7.17E+02 
1.9E+07 1.8 5.10E +03 
2.58E+07 1.6 2.83E+03 
1.5E+07 1.6 3.04E +03 
9.41E+07 1.7 5.46E+03 
1.88E+07 1.9 1.82E+03 
1.58E+07 2.0 4.45E+03 
2.19E+02 3.2 9.62E+03 
7.28E+02 3.0 7.95E+03 
1.45E+02 3.0 7.65E+03 
8.2E+03 2.5 1.08E+04 
2.43E+04 2.5 1.58E+04 
3.8E+12 0.0 2.4E+04 
! C2H50 REACTIONS 
C2H4+OH<=>CH2CH2OH 
C2HS+HO2<=>CH3CH2O+OH 
CH3CH20+M<=>CH3CHO+H+M 
H2/2.00/ H20/6.00/ CO/1.50/ 
CH3CH20+M<=>CH3+CH2O+M 
H2/2.00/ H20/6.00/ CO/1.50/ 
2.41E+11 0.0 
4.0E+13 0.0 
5.6E+34 -5.9 
C02/2.00/ CH4/2.00/ AR/ 
5.35E+37 -7.0 
C02/2.00/ CH4/2.00/ AR/ 
-2.38E+03 
0.0 
2.53E+04 
. 70/ 
2.38E+04 
. 70/ 
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CH3CH2O+02<=>CH3CHO+HO2 4.0E+10 0.0 1.1E+03 
CH3CH2O+CO<=>C2H5+CO2 4.68E+02 3.2 5.38E+03 
CH3CH2O+H<=>CH3+CH2OH 3.0E+13 0.0 0.0 
CH3CH20+H<=>C2H4+H20 3.0E+13 0.0 0.0 
CH3CH2O+OH<=>CH3CHO+H20 1.0E+13 0.0 0.0 
CH3CHOH+O2<=>CH3CHO+HO2 4.82E+13 0.0 5.02E+03 
CH3CHOH+O<=>CH3CHO+OH 1.0E+14 0.0 0.0 
CH3CHOH+H<=>C2H4+H20 3.0E+13 0.0 0.0 
CH3CHOH+H<=>CH3+CH2OH 3.0E+13 0.0 0.0 
CH3CHOH+HO2<=>CH3CHO+OH+OH 4.0E+13 0.0 0.0 
CH3CHOH+OH<=>CH3CHO+H20 5.0E+12 0.0 0.0 
CH3CHOH+M<=>CH3CHO+H+M 1.0E+14 0.0 2.5E+04 
H2/2.00/ H20/6.00/ CO/1.50/ C02/2.00/ CH4 /2.00/ AR/ . 70/ 
! C3 REACTIONS 
! Ref: Davis et al., 1999 
C3H4+0<=>C2H4+CO 2.000e+07 1.800 1000.00 
! Davis et al. 1 atm propyne reactions 
CH3+C2H2<=>C3H4+H 2.560e+09 1.100 13643.88 
! Ref: Petrova and Williams, 2005 
C3H4+0<=>HCCO+CH3 7.300e+12 0.000 2250.00 
! C3H3 rxns added to improve allyl ignit ion 
! San Diego fit of Troe falloff for several values of pressure 
! Ref: Petrova and Williams, 2005 
C3H3+H(+M)<->C3H4(+M) 3.000e+13 0.000 0.00 
LOW / 9.000e+15 1.000 0.00 / 
TROE/ 0.5 le+30 0.00 / 
C3H3+H02<=>C3H4+02 2.500e+12 0.000 0.00 
! ALLYL REACTIONS 
'Ref: Wang, 1997 
C3H4+OH<=>C3H3+H20 5.300e+06 2.000 2000.00 
! Ref: Slagle, 1986 
C3H3+02<->CH2CO+HCO 3.000e+10 0.000 2868.07 
! C3H5 REACTIONS 
! San Diego fit of Troe falloff for several values of pressure 
! Ref: Petrova and Williams, 2005 
C3H4+H(+M)<=>C3H5(+M) 4.000e+13 0.000 0.00 
LOW / 3.000e+24 -2.000 0.00 / 
TROE/ 0.8 le+30 0.00 / 
! Ref: Tsang, 1991 
C3H5+H<=>C3H4+H2 1.800e+13 0.000 0.00 
! Ref: Bozelli and Dean, 1993 
C3H5+02<=>C3H4+H02 4.990e+15 -1.400 22428.06 
! Ref: Petrova and Williams, 2005 
C3H5+CH3<=>C3H4+CH4 3.000e+12 -0.320 -130.98 
San Diego fit of Troe falloff for several values of pressure 
C2H2+CH3(+M)<=>C3H5(+M) 6.000e+08 0.000 0.00 
LOW / 2.000e+09 1.000 0.00 / 
TROE/ 0.5 le+30 0.00 / 
C3H5+OH<=>C3H4+H20 6.000e+12 0.000 0.00 
! Reactions added in DE, after C3H4 thermodata was changed to 
davis's aC3H4 
! Ref: Wang, 1997 
C3H3+HCO<=>C3H4+CO 2.500e+13 0.000 0.00 
! Ref: Davis et al., 1999 
C3H3+H02<=>OH+CO+C2H3 8.000e+11 0.000 0.00 
! Ref: Wang, 2001 
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C3H4+02<->CH3+HCO+CO 4.000e+14 0.000 41826.00 
! PROPENE (C3H6) REACTIONS 
! Ref: Tsang, 1991 
C3H6+0<->C2H5+HCO 3.500e+07 1.650 -972.75 
C3H6+OH<=>C3H5+H20 3.100e+06 2.000 -298.28 
C3H6+O<->CH2CO+CH3+H 1.200e+08 1.650 327.44 
C3H6+H<=>C3H5+H2 1.700e+05 2.500 2492.83 
! Ref: Davis et al., 1999 
C3H5+H(+M)<=>C3H6(+M) 2.000e+14 0.000 0.00 
LOW / 1.330e+60 -12 . 000 5967.97 
/ 
TROE/ 0.02 1097 1097 6860 / 
AR/0.70/ H2/2.00/ H20/6.00/ CO/1.50/ C02/ 2.00/ CH4/2.00/ 
C2H6/3.00/ 
! Ref: Baulch et al., 1992 
C3H5+H02<=>C3H6+02 2.660e+12 0.000 0.00 
! the rate from Baulch has been modified in San Diego Mechanism 
C3H5+HO2<=>OH+C2H3+CH2O 3.000e+12 0.000 0.00 
! Ref: Davis et al., 1999 
C2H3+CH3(+M)<=>C3H6(+M) 2.500e+13 0.000 0.00 
LOW / 4.270e+58 -11 . 940 9770.55 
/ 
TROE/ 0.175 1341 6e+04 1.0 14e+04 / 
AR/0.70/ H2/2.00/ H20/6.00/ CO/1.50/ C02/ 2.00/ CH4/2.00/ 
C2H6/3.00/ 
C3H6+H<=>C2H4+CH3 1.600e+22 -2.390 11185.47 
CH3+C2H3<=>C3H5+H 1.500e+24 -2.830 18618.55 
! PROPANE (C3H8) REACTIONS 
! Ref: Bauich et al., 1994 
C3H8(+M)<=>CH3+C2H5(+M) 1.100e+17 0.000 84392.93 
LOW / 7.830e+18 0.000 64978.49 / 
TROE/ 0.76 1946.00 38.00 / 
! Ref: Varatharajan and Williams, 2000; Davis et al., 1999; Tsang, 
1988 
C3H8+02<=>I-C3H7+H02 4.000e+13 0.000 47500.00 
C3H8+02<=>N-C3H7+H02 4.000e+13 0.000 50932.12 
C3H8+H<=>I-C3H7+H2 1.300e+06 2.400 4471.08 
! Ref: Tsang, 1988; Marinov, 1996 
C3H8+H<=>N-C3H7+H2 1.330e+06 2.540 6761.47 
! Ref: Tsang, 1988; Davis et al., 1999 
C3H8+0<=>I-C3H7+OH 4.760e+04 2.710 2107.31 
C3H8+O<=>N-C3H7+OH 1.900e+05 2.680 3718.45 
! Ref: Davis et al., 1999 
C3H8+OH<=>N-C3H7+H20 1.400e+03 2.660 527.25 
C3H8+OH<=>I-C3H7+H20 2.700e+04 2.390 393.16 
! Ref: Tsang, 1988; Marinov, 1996; Davis et al., 1999 
C3H8+HO2<=>I-C3H7+H202 9.640e+03 2.600 13917.30 
C3H8+H02<=>N-C3H7+H202 4.760e+04 2.550 16491.40 
! I-C3H7 REACTIONS 
! Ref: Tsang, 1988; Qin, 2000: thesis 
I-C3H7+C3H8<=>N-C3H7+C3H8 8.400e-03 4.200 8675.91 
! Ref: Davis et al., 1999 
C3H6+H(+M)<=>I-C3H7(+M) 1.330e+13 0.000 1560.71 
LOW / 8.700e+42 -7.500 4732.31 / 
TROE/ 1 1000 645.4 6844 / 
AR/0.70/ H2/2.00/ H20/6.00/ CO/1.50/ C02/2.00/ CH4/2.00/ 
C2H6/3.00/ 
! Ref: Tsang, 1988; Davis et al., 1999 
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I-C3H7+02<=>C3H6+HO2 1.300e+11 0.000 0.00 
N-C3H7(+M)<=>CH3+C2H4(+M) 1.230e+13 -0.100 30210.33 
LOW / 5.490e+49 -10 . 000 35779.16 
/ 
TROE/ -1.17 251 le-15 1185 / 
! Ref: Davis et al., 1999 
! REVERSE 
H+C3H6(+M)<=>N-C3H7(+M) 1.330e+13 0.000 3260.04 
LOW / 6.260e+38 -6 . 660 7000.48 
/ 
TROE/ 1 1000 1310 4.81e+04 / 
AR/0.70/ H2/2.00/ H20/6.00/ CO/1.50/ C02/2.00/ CH4/2.00/ 
C2H6/3.00/ 
! Ref: Tsang, 1988; Davis et al., 1999 
N-C3H7+02<=>C3H6+1102 9.000e+10 0.000 0.00 
END 
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